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EP 0 689 067 A2 

® Method of producing optical waveguide system, optical device and optical coupler employing the 
same, optical network and optical circuit board 

@ A method of forming waveguides, refractive index distributions and optical couplings automatically by light 
incidence, and devices obtained thereby. A non-linear optical material which has excellent properties of a large 
degree of freedom for an optical circuit substrate composition, etc. and is 'used for optical circuit devices and 
optical circuit substrates. A photoelectric device containing an organic conjugated polymer film deposited on a 
substrate by vapor deposition polymerization as at least one function layer. 

An optical network provided with optical wiring for exchanging signals between processing elements 
selected from electronic elements, electronic apparatuses, electrooptical elements and electrooptical ap- 
paratuses. 
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BACKGROUND AND SUMMARY OF THE INVENTION 

The present invention relates to a metliod of producing an optical waveguide system, an optical device 
and optical coupler employing tlie optical waveguide system, an optical network and an optical circuit 
5 board- 
In one aspect, present invention relates to a method of producing optical waveguide systems. To be 
more specific, the present invention relates to a method of producing optical waveguide systems, refractive 
index distributions and optical coupling paths by self-organization. The method of the present invention may 
be used with advantages for the production of optica! waveguide systems, particularly bend waveguides, 
10 space beam couplers, Z-axis waveguides, waveguide couplers, LD couplers, branch waveguides, star 
couplers, cross waveguides, space waveguides, wavelength filters and mode converters. 

The fields of data processing and communication have seen dramatic progress in the area of optical 
wiring and interconnection, and the diffusion of optical technology such as optical parallel processors and 
"fiber to the home" is expected to continue in the future. This will require various types of optical integrated 
16 circuits such as waveguide devices, while it will also be necessary to simplify and render more efficient 
optical coupling between various optical devices, including fibers. 

Although there have been conventionally known methods such as etching as methods of forming 
waveguides, a disadvantage of this method is the low positioning precision and low degree of freedom of 
shape. 

20 Nevertheless, the following problems remain. 

(1) Although improvement in positioning precision has been attempted by the V-groove method, 
performance which sufficiently satisfies the demands for high efficiency and high tolerance has not yet 
been achieved. 

(2) The angles of divergence of emitted light from the different optical devices sometimes differ. 
25 (3) The mode sizes of the emitting ends of the different optical devices sometimes differ. 

Furthermore, in Japanese Unexamined Patent Publication Nos. 55-43538 and 60-173508. there have 
been proposed methods of improving optical coupling efficiency by irradiating light from a waveguide on a 
substance whose refractive index changes with light irradiation, to form a lens-like refractive index 
distribution or waveguide. However, since these methods do not employ a se!f-focusing effect, a self- 
30 organizing effect of the waveguide itself is not obtained, and therefore the degree of efficiency improve- 
ment, safety and the degree of freedom of the device structure is less than sufficient. 

The present invention is aimed at solving the above-mentioned problems of the prior art, by realizing a 
method of producing a waveguide or refractive index distribution which is self-organized using a substance 
whose optical refractive index changes with light irradiation (hereunder referred to as "photorefractive" or a 
35 substance which insolubilizes (cures) as its optical refractive index changes with light irradiation (hereunder 
referred to as "photosensitive material"), as well as a device which employs the same. 

It is an object of the present invention, therefore, to provide a method of automatically burrowing out a 
waveguide by light incidence and a device formed thereby; a method of forming a waveguide circuit 
network by automatically combining a few waveguides created by light incidence and a method of 
40 producing tapered and other refractive index distributions formed by a self-focusing effect and a device 
formed thereby; and a self-aligned optical coupler employing a waveguide or refractive index distribution 
obtained in such a manner. 

It is another object of the present invention to overcome the above-mentioned problems (1) - (3) by 
forming refractive index distributions in photorefractive materials and photosensitive materials by light 
45 emission from emitting ends of optical devices, and to provide structures and methods of production which 
may be applied to various devices and modules. 

It will be convenient according to the present invention to refer to these devices and optical couplers 
collectively as self-organized lightwave networks (SOLNET). 

According to the present invention, in order to overcome the above-mentioned problems, there is 
50 provided a method of producing an optical waveguide or refractive index distribution which is characterized 
by irradiating a photorefractive material with light of a wavelength which changes Its refractive index, and 
forming an optical waveguide or refractive index distribution while inducing self-focusing. 

There is also provided according to the present invention a method of producing an optical waveguide 
or refractive index distribution which is characterized by irradiating a photosensitive material with light of a 
55 wavelength which changes its refractive index and insolubilizes the material, and forming an optical 
waveguide or refractive index distribution while inducing self-focusing and insolubilizing the photosensitive 
material. 
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There is also provided according to the present invention a self-aligned optical coupling method which 
is characterized by situating an a photorefractive material in the entirety or part of the area between a 
plurality of optical devices, irradiating the photorefractive nnaterial with light from one or a plurality of optical 
devices of a wavelength at which its refractive index changes, and using the optical waveguide or refractive 
5 index distribution formed while inducing self-focusing, to accomplish optical coupling between the optical 
devices. 

There Is also provided according to the present invention a self-aligned optical coupling method which 
is characterized by situating a photosensitive material in the entirety or part of the area between a plurality 
of optical devices, irradiating the photosensitive material with light from one or a plurality of optical devices 
10 of a wavelength at which Its refractive index changes and the material Is insolubilized. and using the optical 
waveguide or refractive index distribution formed while Inducing self-focusing and insolubilizing the 
photosensitive material, to accomplish optical coupling between the optical devices. 

There Is also provided according to the present invention a method of forming a waveguide, refractive 
Index distribution or optical coupling path as described above using light of a plurality of wavelengths, either 
75 with or without self-focusing. 

In another aspect, the present Invention relates to a non-linear optical material, and an optical circuit 
device and optical circuit substrate in which It Is used. 

Optical circuits are predicted to play an important rote in the optical interconnections of parallel 
computers and in various optical systems such as optical switching systems in the future. Non-linear optical 
20 devices, and particularly electro-optical (EO) devices, optical waveguide amplifiers and optical waveguide 
lasers, are indispensable elementary technologies for the function of these optical circuits. 

Although LN (LiNb03) single crystals and compound semiconductor sup>erlattices were used as EO 
materials in the past, these materials have problems including a low degree of freedom for the substrate 
composition, requiring considerable labor for lamination, having a high dielectric constant, not facilitating low 
25 power and high-speed driving, being difficult to apply to a large surface area, and being difficuft to combine 
with other devices. 

In contrast, since organic polymer materials have the characteristics of a large degree of freedom for 
substrate composition, easy lamination, low dielectric constant, being suited for low power and high-speed 
driving, easy application over a large surface area and being able to be easily combined with other devices, 
30 they are suitable for increasing the functions and degree of integration of optical circuits. At present, 
however, there is apprehension concerning the reliability^ of these materials due to the occurrence of 
relaxation deterioration. 

In addition, we previously proprased a process using an optical power source as a useful optical wiring 

process (such as in Japanese Patent Application No. 6-5009231). This process consisted of allowing pump 
35 light to enter a waveguide optical amplifier and waveguide laser, forming an optical power source, picking 

up the light by an EO switch and then transmitting optical signals. In this case, since the optical power 

source itself does not have remarkable EO effects, it was necessary to laminate or insert an EO layer. 

In the second aspect of the present invention, it is an object to further Improve on the above-mentioned 

proposed technology and provide a non-linear optical material, optical power source, optical waveguide 
40 laser and optical waveguide amplifier that have EO effects, as well as non-linear optical devices, non-linear 

optical amplifier, optical waveguide laser and optical circuit substrate that use the above, that have a large 

degree of freedom for the substrate composition, facilitate easy lamination, have a low dielectric constant. 

are suited to low power and high-speed driving, are easily applied to large surface areas, and can be easily 

combined with other devices. 
45 In order to solve the above-mentioned problems, the present invention provides a non-linear optical 

material comprising a multi-layer film that contains an amorphous or polycrystalline inorganic substance; 

wherein, centro-symmelry in the direction of film thickness is eliminated by laminating different substances. 

centro-symmetry Is eliminated by changing the composition of the same type of substance, changing the 

type of doping substance and/or amount of doping, or changing layer thickness and/or the amount of 
50 doping, or centro-symmetry is eliminated by combining either of the above two methods. 

The present invention also provides a non-linear optical material comprising a multi-layer film containing 

an organic crystal material, an amorphous material, a polycrystalline material or a single crystal material; 

wherein, centro-symmetry in the direction of film thickness is eliminated by laminating different substances, 

centro-symmetry is eliminated by changing the composition of the same type of substance, changing the 
55 type of doping substance and/or amount of doping, or changing layer thickness and/or the amount of 

doping, or central symmetry is eliminated by combining either of the above two methods. 

The present invention also provides a non-linear optical material wherein rare earth Ions or molecules 

containing rare earth ions are contained in a non-linear optical polymer. 
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Moreover, the present invention provides a non-linear optical device, non-linear optical annplifler, optical 
waveguide laser and optical circuit substrate that use the above-mentioned material. 

In the above-mentioned first non-linear optical material as claimed in the present invention, the multi- 
layer film preferably has for its main component a material selected from the group consisting of a-Si:H, a- 

5 SiNy. a-SiOx, a-SiCz and a-Ge:H, or a mixed crystal of two or more types of said materials. Alternatively, 
this multi-layer film may have for its main component a transition metal compound, a glass material, or 
these materials may contain rare earth ions as desired. 

In the above-mentioned second non-linear optical material as claimed in the present invention, the 
multi-layer film preferably has for its main component an organic polymer, and said organic polymer may 

10 contain rare earth ions and/or molecules containing rare earth ions as desired. 

In a further aspect, the present invention relates to an opto-electronic device and a method of preparing 
it More specifically, the present invention particularly uses an organic conjugated polymer film formed by 
vapor deposition polymerization as a functional layer of an opto-electronic device. Examples of said opto- 
electronic device include useful light emitting devices such as a light emitting display, laser and interior 

75 lighting, light receiving devices such as a photodiode, as well as solar cells. 

EL (electro-luminescent) devices using inorganic materials were known as examples of light ennitting 
devices of the prior art. Although these devices emitted red to blue light by adding Mn or Tb and so forth to 
ZnS and ZnSe. since the emission efficiency at a driving voltage of 20 V and above was a maximum of 
roughly only 1%, it was difficult to obtain devices having large surface areas such as displays. 

20 As examples of devices such as LED that use organic materials, high-luminance light emitting devices 
are known to be able to manufactured by forming an organic monomer film by vapor deposition. However, 
monomer films have the problems of decreased emission efficiency due to crystallization, inadequate film 
strength and insufficient durability. In addition, devices able to emit red to blue light are also known to be 
able to be manufactured by forming an organic polymer film by spin coating or dip coating. In this case, 

25 however, there was the problem of solvent remaining in the resulting film since the organic polymer had to 
be dissolved in solvent during coating. In addition, since the polymer had to be given a soluble portion for 
solubilization of the polymer, there was also the problem of decreased emission efficiency. 

On the other hand, in the case of lasers, photodiodes. solar cells and so forth, it is still difficult to 
produce these devices at the practical level using organic polymers. 

30 In the third aspect, in order to solve the problems of the prior art as described above, the object of the 
present invention is to realize a sufficiently practical opto-electronic device by using an organic polymer. 

In order to solve the above-mentioned problems, the present invention provides an opto-electronic 
device containing an organic conjugated polymer film deposited on a substrate by vapor deposition 
polymerization as at least one functional layer, 

35 Examples of opto-electronic devices obtained by the present invention include useful light emitting 
devices such as light emitting displays, lasers and interior lighting, light receiving devices such as 
photodiodes, as well as solar cells. - 

In a further aspect of the present invention relates to optical networks and optical circuit boards. 
Particularly, it relates to an optical network and optical circuit board capable of increasing the speed of 

40 computers. 

The most effective method of speeding up computers is to make them parallel. In order to achieve this, 
it is important to raise the wiring switching (exchange) efficiency. Conventional electrical exchange has 
required large switching apparatuses and massive consumption of power, thus frustrating efforts to realize 
compact systems. 

45 In the fourth aspect, the main object of the present invention, therefore, is to improve this condition by 
forming a loop-shaped optical waveguide in an optical circuit board for packet exchange. 

In order to overcome the above-mentioned problems, the present invention provides an optical network 
provided with optical wiring for exchanging signals between processing elements selected from electronic 
elements, electronic apparatuses, electro-optical elements and electro-optical apparatuses, which is char- 

50 acterized in that the optical paths form loops passing near all or some of the processing elements, and 
there are provided at least one each of an optical transmitter which sends optical signals to all or some of 
the processing elements and a receiver which converts the optical signals to electrical signals, which are 
coupled with the optical path loops. 

55 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is an illustrative view of embodiments of the method of the present invention. 
Fig, 2 is an illustrative view of inappropriate examples. 
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Fig. 3 is an illustrative view of other embodiments of the method Of the present invention. 
Fig. 4 is an illustrative view of other inappropriate examples. 

Figs. 5A and 5B are illustrative views for explanation of the change in refractive index of a photorefrac- 
tive material. 

Fig. 6 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 7 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 8 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 9 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 10 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 11 is a graph showing the dependence of light coupling efficiency on the crossing angle at the 
center line between light emitted from two light sources. 

Fig. 12 is a graph showing the dependence of light coupling efficiency on the shift distance of the 
center line between light emitted from two light sources. 

Figs. 13A and 13B are graphs showing the light coupling Efficiency of Figs. 11 and 12 in terms of dB. 
Fig. 14 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 15 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 16 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 17 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 18 is an illustrative view of still other embodiments of the method of the present invention. 
Fig. 19 is an illustrative view of still other embodiments of the method of the present invention. 
Fig. 20 is an illustrative view of still other embodiments of the method of the present invention. 
Fig. 21 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 22 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 23 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 24 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 25 is an illustrative view of still another embodiment of the method of the present invention. 
Fig. 26 is an illustrative view of still another embodiment of the method of the present Invention. 
Fig. 27 is a drawing showing the conditions of waveguides formed in 2-dimensional space by the 
method of the present invention, as simulated by BPM (beam propagation method). 

Fig. 28 is a drawing showing the conditions of waveguides formed in 2-dimensional space by the 
method of the present invention, as simulated by BPM. 

Fig. 29 is a drawing showing the conditions of waveguides formed in 2-dimensional space by the 
method of the present invention, as simulated by BPM. 

Fig. 30 is an illustrative view for explanation of an example of the method of the present invention with 
multiple wavelength writing. 

Fig. 31 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 32 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 33 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 34 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 35 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 36 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 37 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 38 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 39 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 40 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 41 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 42 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 43 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 44 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 45 is an Illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 46 is an illustrative view for explanation of other examples of multiple wavelength writing. 
Fig. 47 is an illustrative view for explanation of an example of a method using multi-level excitation. 
Fig. 48 is an illustrative view for explanation of another example of a method using multi-level excitation. 
Fig. 49 is an illustrative view of cases using luminescent radiation of light of a writing wavelength by 
optical excitation. 

Fig. 50 is an illustrative view for explanation of an example of a method of monitoring LD coupling. 
Fig. 51 is an illustrative view showing an example of a method of calling in light from one end by the 
refractive index distribution created by light with a large angle of emission. 
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Fig. 52 is an illustrative view showing an example of a method of writing emitted light from an LD alone. 
Fig. 53 is an illustrative view showing another example of a method of writing emitted light from an LD 
alone. 

Fig. 54 is an illustrative view showing an example of adjusting the sensitivity range with a sensitizing 
5 agent. 

Fig. 55 is an illustrative view showing another example of adjusting the sensitivity range with a 
sensitizing agent. 

Figs. 56A, 56B and 56C are graphs showing the coupling efficiency achieved according to the 
examples. 

10 Figs. 57A and 57B are graphs showing the coupling efficiency by writing from both sides and writing 
from the LD side alone. 

Fig, 58 is an illustrative view showing examples where fluorescent substances are placed to utilize the 
excited light therefrom. 

Fig. 59 is a conceptual view of a light coupled device. 
75 Fig. 60 is an illustrative view showing an example of a method of concurrently forming refractive index 
distributions in an LD wafer. 

Fig. 61 is an illustrative view showing another example of a method of concurrently forming refractive 
index distributions in an LD wafer. 

Figs. 62A and 62B are illustrative views showing examples of an LD/fiber coupled module. 
20 Figs. 63A and 63B are illustrative views showing examples of a PD/fiber coupled module. 

Figs. 64A and 648 are illustrative views showing examples of a waveguide/fiber coupled module. 

Fig. 65 is a conceptual drawing of a substance-modulated non-linear optical material. 

Fig. 66 is a conceptual drawing of a composition-modulated non-linear optical material. 

Fig. 67 is a conceptual drawing of a doping-modulated non-linear optical material. 
25 Fig. 68 is a conceptual drawing of a film thickness-modulated non-linear optical material. 

Fig. 69 is a schematic drawing showing an example of a substance-modulated non-linear optical 
material. 

Fig. 70 is a schematic drawing showing another example of a substance-modulated non-linear optical 
material. 

30 Fig. 71 is a schematic drawing showing another example of a substance-modulated non-linear optical 
material. 

Fig. 72 is a schematic drawing showing another example of a substance-modulated non-linear optical 
material. 

Fig. 73 is a schematic drawing showing an example of a composition-modulated non-linear optical 
35 material. 

Fig. 74 is a schematic drawing showing another example of a composition-modulated non-linear optical 
material. 

Fig. 75 is a schematic drawing showing another example of a composition-modulated non-linear optical 
material. 

40 Fig. 76 is a schematic drawing showing an example of a doping-modulated non-linear optical material. 

Fig. 77 is a schematic drawing showing another example of a doping-modulated non-linear optical 
material. 

Fig. 78 is a schematic drawing showing another example of a doping-modulated non-linear optical 
material. 

45 Fig. 79 is a schematic drawing showing an example of a film thickness-modulated non-linear optical 
material. 

Fig. 80 is a schematic drawing showing another example of a film thickness-modulated non-linear 
optical material- 
Fig. 81 is a schematic drawing showing another example of a film thickness-modulated non-linear 
50 optical material. 

Fig. 82 is a schematic drawing of molecules containing rare earth ions. 
Fig. 83 is a schematic drawing of a non-linear optical molecule. 

Figs. 84A-84F are schematic drawings of non-linear optical materials containing molecules that contain 
rare earth ions. 

56 Fig. 85 is a schematic drawing showing an example of a non-linear optical material containing a single 
atomic layer or single molecular layer. 

Fig. 86 is a schematic drawing showing another example of a non-linear optical material containing a 
single atomic layer or single molecular layer. 
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Fig. 87 is a schematic drawing showing another exannple of a non-linear optical material containing a 
single atomic layer or single molecular layer. 

Figs. 88A-88F are schematic drawings showing a deposition process controlled at the atomic level. 
Figs. 89A-89F are schematic drawings showing a deposition process using a chemical reaction between 
5 reactive gases. 

Figs. 90A-90D are schematic drawings showing a deposition process performed by vapor deposition 
and CVD of the compounds. 

Figs. 91A-91C are schematic drawings showing an example of an optical circuit substrate using the 
non-linear optical material of the present invention. 
10 Fig. 92 is a schematic drawing showing an example of a vapor deposition apparatus that can be used in 

the production process of the opto-electronic device of the present invention. 

Fig. 93 is a schematic drawing showing an example of the opto-electronic device off the present 
inver^tion. 

Fig. 94 is an illustrative view showing an example of an image of introduction of an optical network to a 
75 parallel processor. 

Fig. 95 is an illustrative view showing an example of an image of introduction of an optical network to a 
parallel processor. 

Fig. 96 is an illustrative view showing an example of an image of introduction of an optical network to a 
parallel processor. 

20 Fig. 97 is an illustrative view showing an example of a Banyan-type optical network. 

Fig. 98 is an illustrative view showing an example of a Banyan-type optical network. 
Fig. 99 is an illustrative view showing an example of a Banyan-type optical network. 
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Fig. 136 is an illustrative view showing an example of a loop-type optical network. 
Fig. 137 is an illustrative view showing an example of a loop-type optical network. 
Fig. 138 is an illustrative view showing an example of a loop-type optical network. 
Fig. 139 is an illustrative view showing an example of a loop-type optical network. 

5 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The first aspect of the present invention will now be explained in more detail by way of the following 
examples, with reference to the drawings. 

10 Fig. 1 is an illustration of an example of producing an optical waveguide by utilizing self-focusing. When 
light emitted from the light source 1 enters the photorefractive material usually indicates rewritable material. 
In the present patent, we use photorefractive material for bolt rewritable material not-rewritable material. The 
mechanism described in Figs. 6A and 5B is for not-rewritable material. Photorefractive material 2; the 
refractive index of the photorefractive material changes, causing a self-focusing phenomenon, and there is 

75 formed an optical waveguide 3 consisting of the section in the photorefractive material with a refractive 
index differing from the surrounding refractive index. For example, light (with a wavelength of 488 nm) 
emitted from the light source 1 (refractive index of core = 1.62, refractive index of clad = 1.6) comprising 
an 8 um-wide waveguide enters the photorefractive material 2 and is self-focused, and an optical waveguide 
3 is thus formed. Rg. 29 shows the condition of such self-focusing simulated in 2-dimensional space 

20 [refractive index of waveguide = 1.61. refractive index of clad = 1.60, 4-step exposure, peak power 1, 3.6 
um-wide Gaussian beam input, calculation based on refractive index change An = 0.003 p (p = optical 
power)] per step. This drawing was obtained using the beam propagation method (BPM), and the top end 
indicates refractive index distribution while the bottom end indicates optical power propagation. The light 
used does not need to be of a single wavelength, as it may be white light or light of a broad spectral 

25 bandwidth. 

The refractive index change induced by two-photon adsorption can also be used for the present 
invention. 

For example, using a mixture of an epoxy resin-based matrix and vinylcarbazole. a polymerization 
initiator, etc. incorporated therein as a photorefractive material, a fiber was provided in the photorefractive 

30 material, and a light from a lamp for curing a UV-curing resin was emitted through the end face of the fiber 
core. By this light, a refractive index distribution was written in the photorefractive material, and an optical 
waveguide extending from the core end face was fomied. The fiber used was of quartz with a single mode 
for 1.3 urn, and the light intensity was about 40 nW. 

Fig. 1 is a case where An is a reasonable value. In this case, there is little leakage of propagated light 

35 or mode turbulence. In contrast, Fig. 2 is an illustrative view of a case in which the refractive index change 
An is too large. In this case, the confinement of the guided light is too strong, tending to result in leakage of 
the propagated light and mode turbulence. Control of An may be accurately achieved by monitoring the 
propagated light and refractive index distribution. Alternatively, by using a material whose refractive index 
change is saturated at an appropriate value, it is possible to form the waveguide in a simple manner without 

40 the need for monitoring. 

Fig. 3 is an illustration of an example of supplying light from two light sources 1. In the well of the 
refractive indexes formed by light from each of the light sources (the high refractive index portions are the 
lower end of the well), each calls in the other, and finally a bend waveguide 3 is formed automatically in the 
photorefractive material 2. Rgs. 27 and 28 show such a condition simulated in 2-dimensional space 

45 [refractive index of waveguide = 1.61, refractive index of clad = 1.60, 3-step exposure, peak power 1. 3.6 
um-wide Gaussian beam input, calculation based on refractive index change An = 0.003 p (p = optical 
power)] per step. These drawings were obtained using the beam propagation method (BPM) as was Fig. 29, 
and the top ends indicate refractive index distribution while the bottom ends indicate optical power 
propagation. In the cases of Figs. 27 and 28, waveguide formation is carried out from both sides with light 

50 of 488 nm, and the light of 1.3 um propagates from left to right. In the cases of Fig. 29, waveguide 
formation is carried out from the waveguide with light of 488 nm, and the light propagates upward. 

Two optical fibers were provided with one end of one fiber being opposed to one end of the other fiber 
by a space of 400 um, and the above-mentioned photorefractive material was filled therebetween. The 
deviation of the fiber axes (Ax in Fig. 12) was set to 0 or 4 um, and a light coupling efficiency was 

55 measured (wavelength of 1.3 um). Writing was carried out using the above-mentioned UV-curing lamp. A 
light of 40 nW was emitted from the fibers of both sides to effect writing from both sides. A coupling 
efficiency of 80 to 90% or more was obtained for both the axis deviations of 0 and 4 um. On the other 
hand, in the case of writing from one side, the coupling efficiency was not lower than 80% for the axis 
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deviation of 0 juLm, but it was about 50 to 60% for the axis deviation of 4 um which proves the superiority of 
the method of writing from both sides (SOLNET). 

Fig. 3 is. as mentioned above, a case where An is a reasonable value, and there is little leakage of 
propagated light or mode turbulence. Fig. 4 is an illustrative view of a case in which the refractive index 

5 change An is too large, and the confinement of the guided light is too strong, tending to result in leakage of 
propagated light and mode turbulence. In this case as well, control of An may be accurately achieved by 
monitoring the propagated light and refractive index distribution, but by using a material whose refractive 
index change is saturated at an appropriate value. It is possible to form the waveguide in a simple manner 
without the need for monitoring. 

10 The material whose refractive index change is saturated at an appropriate value may be, as shown for 
example in Fig. 5A, a material in which a high refractive index monomer is dispersed in a low refractive 
index host matrix. When such materials are exposed to light for photopolymerization. as shown in Fig. 5B, 
the high refractive index monomer migrates to the photopolymerized section, and as a result the refractive 
index of the photopolymerized section becomes n"*" while the refractive index of the surrounding sections 

75 become n". The saturation value of the refractive index change An is related to the transfer number of the 
high refractive index monomer (Nm), the transfer number of the low refractive index host matrix pushed 
away at that time (Nh). the refractive index of the high refractive index monomer (n,„) and the refractive 
index of the low refractive index host matrix (n^) in the following manner: 

20 An = n+ - n- = 2(n„,N„, - nhN^) 

Consequently, by appropriate selection of these values it is possible to control the saturation value of An. 

Fig. 6 is an illustration of an example of a case in which a substance is present in the photorefractive 
material which absorbs writing light, such as a sensitizing pigment. The alteration breaching of the light- 

25 absorbing substance is more appreciable in the regions of stronger light, and the light is well propagated in 
those regions. Consequently, the amount of leakage of writing light to the surrounding areas is relatively 
lower, and the waveguide grows in a relatively linear manner. Also, when the waveguides from each end 
collide, a smooth connection results. 

Fig. 7 is an example in which writing light is emitted from 2 light sources comprising waveguides to 

30 produce a bend waveguide 3. by the same method as described above. Fig. 8 is an example in which the 
beam from the optical circuit surface end is linked with the waveguide to produce a Z-axis waveguide. Fig. 
9 is an example in which a waveguide 3 is formed in a photorefractive material 2 situated between space 
beams. It is thus possible to realize a space beam coupler capable of guiding and coupling light via space 
beams. It may also be used as a monomolecular beam diaphragm. Each of the lights may be irradiated 

35 either simultaneously or alternately. Another example is the waveguide coupler produced by forming a 
waveguide 3 by this method between a laser diode (LD) or waveguide 4 and fibers 5. as shown in Fig. 10. 

Rg. 1 1 is a graph showing the dependence of light coupling efficiency on the crossing angle e at the 
center line between the lights emitted from each of the light sources, for the example shown in Fig. 3 (in the 
two-dimensional plane). Also. Rg. 12 is a graph showing the dependence of light coupling efficiency on the 

40 shift distance Ax of the center line between the lights emitted from each of the light sources, for the 
example shown in Rg. 10 (also in the two-dimensional plane). Rgs. 13A and 13B show the results of Figs. 
11 and 12 designated in more detail by dB. In the drawings, "Butt joint" refers to the embodiment of 
opposing two waveguides (fibers). "SOLNET" refers to the writing from both sides, "SELPIT" refers to the 
writing from one side where self-focusing was not utilized, and "SELPIT(SF)" refers to the writing from one 

45 side where self-focusing was utilized. In these graphs. SOLNET represents the light coupler obtained by the 
above-mentioned example according to the present invention, and SELPIT represents a conventional light 
coupler. From these drawings, it is proved that the SOLNET has characteristic features of high coupling 
efficiency and high tolerance. This supports the above-mentioned test results that the method of writing 
from both sides (SOLNET) is excellent. 

50 Examples using 3 or more light source beams are shown in Figs. 14, 15 and 16. These are formed by a 
Y-branch waveguide 6. a star coupler 7 and a cross waveguide 8. respectively. 

The same method may also be used to form a variety of devices such as the space waveguide shown 
in Rg. 17. the wavelength filter for wavelengths XI and X2 shown in Fig. 18. and the mode converter 
between a multi mode (MM) and single mode (SM) shown in Fig. 19. In the example in Fig. 17, light from a 

55 laser diode (LD) enters the photorefractive material 2 and is reflected by a mirror, hologram, grating or the 
like, and while it is received at a photodiode (PD), a space waveguide 3 is formed in the photorefractive 
material. 
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For the formation of the various devices described above, the light emitting end of the light source and 
the photorefractive material may either be connected or unconnected. 

Also, in the examples described above, a photosensitive material may be used instead of the 
photorefractive material. When a photosensitive material is used, the soluble sections may be etched, and 

5 they may also be covered with another material. 

The above serves to explain one example of the method of forming an optical waveguide system 
according to the present invention, and the light sources or beam sources used may be, instead of optical 
waveguides, optical fibers, semiconductor lasers, light-emitting diodes, photodiodes. lenses, holograms, 
prisms, mirrors, pinholes, slits, gratings or any other light-supplying devices. However, in cases where direct 

w light from a semiconductor laser is used, the photorefractive material or photosensitive material must have a 
sensitivity in a wavelength region of from the red to infrared regions. In cases where a passive device such 
as a waveguide is used, the light passing through it and the spectral sensitivity of the material must match. 
There is usually used light spanning from the white, red or green to ultraviolet regions, and therefore the 
material must have a sensitivity within such ranges. 

15 Furthermore, although it is a waveguide, it is not necessary for it to have a linear refractive index 
distribution, as its refractive index distribution may be of any desired shape, such as a tapered distribution. 

Fig. 20 is an example in which a mirror 9 intervenes for self-organization of the waveguide. In this 
example, a photorefractive material 2 is situated between a photodiode (PD) and an optical waveguide 1 , 
and an L-shaped waveguide 3 is formed therein. For this example, a laser diode (LD) may be used instead 

20 of the photodiode- In such a case, light may be emitted from both the optical waveguide 1 and the laser 
diode (LD). According to the method of the present invention, it is thus possible to form a very effective 
optical waveguide for optical SMT (optical surface mount technology). In addition, a grating, hologram, 
prism, lens, waveguide, pinhole, slit or the like may be situated in the entirety or part of the region through 
which the light passes, instead of the mirror in the previous example, for self-organization of the waveguide. 

25 As photorefractive materials useful for the method of the present invention there may be mentioned, for 
example, photopolymers prepared by adding a high refractive index vinyl carbazole monomer or the like to 
an acrylic binder or epoxy binder (polymer, oligomer or monomer), and further adding a sensitizing agent or 
polymerization initiator. Such materials result in a higher refractive index of the light irradiated section. Also, 
the sensitivity is usually from 300 to 700 nm. Reinforcement of the hardness and stability is also possible 

30 by ultraviolet (UV) inradiation and heat treatment. Naturally, the material is not limited to the above, and 
other polymers, glass or any other material whose refractive index changes with light irradiation may be 
used. In addition, rewriting is possible if the material is a photorefractive material. A sensitizing agent may 
also be added for long wavelength sensitization. 

According to the present invention, a photosensitive material which insolubilizes (cures) with light 

35 irradiation may be used instead of the photorefractive material. Upon development after local insolubilization 
of the photosensitive material, the material remains in the form of a waveguide. At that time, after 
development, the cavities may be filled with a low refractive index material. UV irradiation or heat treatment 
may also be performed. This allows reinforcement of the hardness and stability. As useful materials there 
may be mentioned photocuring and photosensitive polyimide epoxy resins, photosensitive glass, and the 

40 like. Conversely, photosensitive materials which solubilize with light irradiation may also be used, but in 
such cases funnel-shaped pores are opened. A high refractive index material may be injected therein to 
cover them, to bring out the converging effect. 

The aforementioned examples of Figs. 3 to 20 also constitute self-organized optical couplers. 

To explain in more detail, according to the present invention the light used to irradiate the photorefrac- 

45 tive material or photosensitive material is preferably light generated from an optical device itself, such as an 
LD, LED, waveguide laser amp, or the like, in order to give the wavelength of the incident light a degree of 
freedom. The light used to irradiate the photorefractive material or photosensitive material may also be light 
introduced to the optical device from outside. Alternatively, the irradiated light may be light generated in the 
optical device as a result of light introduced to the optical device from outside, or light generated in the 

so optical device by irradiating light on the optical device from outside; the use of this type of light becomes 
possible by adding a substance selected from fluorescent pigments and inorganic fluorescent substances, 
two-photon absorbing/emitting substances such as LD light-measuring phosphor, up-conversion substances 
such as rare earth metal ions and SHG substances, to part or all of the optical device, to produce 
luminescence by the excitatory light. In addition, since fluorescent light is sometimes produced by 
55 ultraviolet irradiation on glass waveguides and polymer waveguides, this may also be employed. Further- 
more, the irradiated light used may be luminescence produced by excitatory light from the optical device as 
a result of adding a substance selected from fluorescent substances, two-photon absorbing/emitting 
substances, up-conversion substances and SHG substances, to part or all of a photorefractive material or 
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photosensitive material. 

Also, particularly in the case of coupling between LD/fibers or a waveguide, the sensitivity of the 
photorefractive material or photosensitive material is sometimes not in the LD light range. To counter this, 
as shown in Fig. 21 for example, the Irradiated light may b© selectively reflected from the laser diode (LD) 

5 light emitting region of the LD end surface or a roughly equivalent region, and waveguide formation or 
waveguide coupling accomplished by interaction between the propagated light and the reflected light. An 
example is where a reflective film such as a dielectric multilayer mirror is formed in the LD light emitting 
region to reflect light in a wavelength region with a high sensitivity, such as the green to ultraviolet region. 
Alternatively, as shown in Fig. 22, the same effect may be obtained by forming an absorbing film in the 

10 region surrounding the laser diode (LD) light emitting region of the LD end surface or another region which 
is roughly equivalent thereto. The reflective film or absorbing film may be formed by a common 
photolithography technique, or by self-align etching or lift-off using a photosensitive film which is sensitive 
to LD light. It may also be formed by removal of a thin-film by laser. Furthermore, in these examples, a 
microlens 11 may be formed at or in the vicinity of the end surface of the fibers or waveguide 10 (Figs. 23 

75 and 24), or the end surface of the fibers or waveguide 10 or its vicinity may be made into a platelet shape 
12 (Figs. 25 and 26). 

With other embodiments of the present invention, the following technical problems are overcome by 
using photorefractive materials and photosensitive materials. 

There is provided an optical waveguide or refractive index distribution with a high degree of freedom 
20 and a method for its production, such as a method of automatically burrowing out a waveguide by light 
incidence and a device formed thereby, and a method of forming a waveguide circuit network by naturally 
combining a few waveguides and a device formed thereby. 

There is provided an optical device such as a waveguide, refractive index distribution or optical coupler 
with a high degree of freedom, by self-aligned optical coupling which makes use of automatic formation of a 
25 waveguide or refractive index distribution of a lens or the like as mentioned above, wherein a refractive 
index change or curing reaction is caused by superimposing light of 2 or more wavelengths. 

In addition, there is also provided a range of selection of materials with infrared sensitivity in the 1 .3 ttm 
and 1 .5 um bands. 

According to this embodiment, there may be provided waveguides and various other types of optical 
30 devices and self-aligned optical couplers with a large degree of freedom of shape, wherein connection 
between the waveguides is established automatically even in cases where the positioning precision is 
rough, as well as methods for their production, and also waveguides and various other types of optical 
devices and self-aligned optical devices employing photorefractive materials or photosensitive materials with 
sensitivity to LD wavelengths, as well as methods for their production. 
35 In other words, according to this embodiment of the present invention, there is provided a method of 
producing optical devices by irradiating light on a photorefractive material whose refractive index changes 
with light irradiation, and forming a refractive index distribution while inducing self-focusing. 

There is also provided a method of producing optical devices by irradiating light on a photosensitive 
material whose refractive index changes and which cures and insolubilizes with light irradiation, and forming 
40 a refractive index distribution while inducing self-focusing and insolubilizing the photosensitive material. 

It is also possible to form an optical coupler or optical waveguide network by optical coupling using the 
means described above. 

The various applications mentioned above are also possible by using light of a plurality of wavelengths. 
Such cases according to the present invention are described below. 

45 Figs. 30 to 33 show examples of producing waveguides, refractive index distributions and optical 
couplers by two-wavelength writing. Between two waveguides there is placed a material whose refractive 
index increases when light of wavelength XI and X2 are superimposed. Light of wavelength XI is emitted 
from one waveguide, and light of wavelength X2 is emitted from the other waveguide. As a result, there is 
produced a refractive index change as illustrated in Figs. 30 to 33, and a waveguide is formed at the section 

50 of superimposition of the wavelengths xi and X2. Here, these refractive index distributions may sometimes 
be considered as GRIN lenses the centers of which are in each waveguide. The various courses shown as 
examples in Figs. 30 to 33 are possible by increasing or decreasing the absorption of the photorefractive 
material with respect to the wavelengths XI and X2. The waveguides formed here also constitute self- 
aligned optical couplers connecting two waveguides. This may be said for all of the following examples. The 

55 wavelength distribution of light does not necessarily have to be of a single color, as it may also be a wide 
wavelength band. In the present specification, X is used in this sense. Fig. 30 is a case of low absorption of 
both XI and X2, Rg. 31 is a case of low absorption of XI and high absorption of X2, Fig. 32 is a case of high 
absorption of XI and low absorption of X2. and Fig. 33 is a case of high absorption of both XI and X2. 
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Figs. 34 to 37 are examples in which the self-focusing effect is utilized (SOLNET: Self- Organized 
Lightwave Network). Since light is naturally concentrated in the section of strong light intensity, a more 
smoothly linear waveguide is formed in comparison to the cases of Figs. 30 to 33 which do not utilize the 
sell-focusing effect. Also, by providing at least two light sources in such an orientation that they exert an 

5 influence on each other by the refractive index changes caused by their light, the lights emitted from each 
waveguide attract each other. Due to this effect, the waveguide formation is accomplished more smoothly 
and efficiently than in the case of one wavelength. Of these drawings. Fig. 34 is a case of low absorption of 
both X1 and X2. Fig. 35 is a case of low absorption of X1 and high absorption of X2, Fig. 36 is a case of high 
absorption of XI arid low absorption of X2, and Fig. 37 is a case of high absorption of both X1 and X2. 

70 Figs. 38 to 40 are examples in which irradiated light from outside is used in combination with emitted 

light from the waveguides. Light of either wavelength XI or wavelength X2 is assigned to the emitted light 
from the waveguides and the outside light, respectively, to produce a refractive index change at the section 
of superimposition of the lights. This case has advantages, in that the location where the refractive index 
change is produced may be selected from the outside, and the emitted light from both waveguides may be 

75 of the same wavelength. 

Here, instead of only 2 waveguides. 3 or more waveguides may be used. The light for formation of the 
waveguide may be. instead of light from waveguides, also light from other optical devices such as optical 
fibers, semiconductor lasers, light-emitting diodes, photodiodes, lenses, holograms, prisms, gratings, mir- 
rors, pinholes, slits and the like. In addition, the wavelengths are not limited to 2, as light of 3 or more 

20 wavelengths may also be superimposed. The light irradiation may be performed simultaneously or 
alternately. 

Figs. 41 to 43 and Figs. 44 to 46 are illustrations of examples in which the irradiated light from the 
outside is spot light or patterned light. By moving this type of irradiated tight, it is possible to form a 
refractive index pattern of any shape, and thus form a variety of types of optical devices such as 

25 waveguides, lenses, mirrors, gratings, prisms, holograms, pinholes and slits. Figs. 41 to 43 show cases of 
low absorption of light of wayelength XI, but the same effect may be achieved even without low absorption. 
Figs. 41 to 43 show examples of drawing an optical waveguide and producing an optical coupler. In these 
cases, since the writing light is present only near the end surface of the waveguide, the waveguide is 
automatically linked with the written waveguide. Linkage of the 2 waveguides is even easier by widening the 

30 beam width near the end surface, as shown in Fig. 43. At the left-hand side and center of Fig. 45, there are 
shown cases where one light is irradiated on the entire surface, while the other light is a spot light, and a 
waveguide is formed by scanning. At the right-side of Fig. 45 is a case where one light is irradiated from 
the side, and the position in the direction of the film thickness is controlled. Fig. 46 is an example in which 
one light is irradiated from the waveguide when the other tight has approached the waveguide end surface. 

35 and at other times the light is irradiated as outside light (light introduced from the surface, back or side of 
the film), for the purpose of increasing the degree of freedom of the waveguide writing pattern and 
improving the precision of linkage of the waveguides. The examples shown in Fig. 42, Fig. 45. center and 
Fig. 46 utilize light of 3 wavelengths, which facilitates control of the 3-dimensional refractive index 
distribution. This also makes it possible to provide a Z-axis waveguide in the direction of thickness, or a 

40 waveguide whose depth is made to vary. 

In cases where a plurality of lights are used, they may be of mutually differing wavelengths, or in some 
cases 2 or more lights of the same wavelength may be used. 

A mirror, grating, hologram, prism, lens, waveguide, pinhole or slit may also be situated in the entirety 
or at least a part of the region through which the light passes. 

45 Furthermore, by the methods described above it is possible to realize a bend waveguide, coupling 
between a space beam and a waveguide, a space beam coupler which couples space beams, etc. The light 
may be irradiated either simultaneously or alternately. It will also be understood from the above descriptions 
that LD/fiber and waveguide couplers are also included as examples. 

In addition. 3 or more beams may be used to form a Y-branch, star coupler, cross waveguide, or the 

50 like. A variety of devices such as space waveguides, wavelength filters and mode converters may also be 
realized. 

The light-emitting end and the photorefractive material may be either contacting or separated. 
A photosensitive material may also be used instead of a photorefractive material. If a photosensitive 
material is used, the soluble sections may be etched. They may also be covered. 
55 The light-supplying sources or light-receiving device may be optical waveguides, optical fibers, 
semiconductor lasers, light-emitting diodes, photodiodes, lenses, holograms, prisms, gratings, or any other 
devices capable of supplying light. However, in cases where direct light from a semiconductor laser is used, 
the material must have sensitivity in the wavelength region of from the red to infrared regions. In cases 
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where a passive device such as a waveguide is used, the light passing through it and the spectral 
sensitivity of the material must match. 

A mirror may Intervene and a photorefractive material formed between a PD and a waveguide to form a 
waveguide therein. A waveguide and an LD may be connected in the same manner. When light is emitted 
5 from both a waveguide and an LD thus connected, a waveguide may be formed by an effect similar to that 
shown in Figs. 44 to 46. That Is, a very effective optical waveguide is formed thereby with optical SMT 
(optical surface mount technology). Furthermore, instead of a mirror, alternatively a grating, hologram, 
prism, lens, waveguide, pinhole or slit may be placed in the entirety or part of the region through which the 
light passes. 

10 An example of a method for realizing multi-level excitation is. as shown in Figs. 47 and 48, wherein, Xi. 
X2 and \3 correspond to those appearing in the drawings, one in which a reaction Is caused in the 
photorefractive material or photosensitive material by a substance which is excited to an excitation state by 
light of one wavelength and then further excited from that state to another state by light of another 
wavelength, or a substance which is excited to an excitation state by light of one wavelength, transferred 

16 from that state to another state, and then further excited to another state by light of another wavelength. 
Specific examples thereof include the sensitizing materials described in, for example, \BM J. Res. Develop. 
Vol.26 (1982) 217 and U.S. Pat. Spec. No. 4,571,377. That is, there may be mentioned a-diketones 
(diacetyl, benzyl, camphaquinone). tetrazine, dimethyl-s-tetrazine. carbazole, benzophenone, oxirane, 
tetraphenyloxirane, and combinations of donor molecules such as 9,10-dibromoanthracene. protoporphyrin 

20 IX dimethyl ester, benzyl or tetraphenyl porphyrin, and acceptor molecules such as napthalenesulfonyl 
chloride, a-chloromethylnaphthalene and quinolinesulfonyl chloride. Here, the acceptor sometimes functions 
as a reaction Initiator for polymerization, etc. 

An ether or the like may also be used as the donor, and TCNB as the acceptor (K. Kimura, Reviews of 
Chemical Intermediates Vol.2. Verlag Chem. GmbH (1979) p.321). 

25 These may be incorporated into or added by bonding to a matrix comprising a polymer, oligomer, 
monomer, or a mixture thereof, or a polymerization initiator or other high refractive index or low refractive 
index monomer may be incorporated into or added by bonding thereto to make a photorefractive material. 
For example, by superimposing light of 300-500 nm and light of 700-1100 nm on a diacetyl-, benzyl- or 
camphaquinone-diketone in a poly(methyl-, ethyl- or isobutyl-cyanoacrylate) or a diacetyl-. benzyl- or 

30 camphaquinone-diketone in a poly(methyl methacrylate); light of 300-330 nm and light of 400-430 nm on a 
carbazole in poly(methyl methacrylate); and 2 photons of light of 488 nm on a dimethyl-s-tetrazine In poly- 
(vinyl carbazole), the residual monomer reacts to produce a refractive index change. Other epoxy matrixes 
and the like may also be used. In addition, materials prepared by adding the above-mentioned do- 
nor/acceptor combinations to polymers, oligomers and monomers such as methyl methacrylate, vinyl. 

35 epoxy. acryl. alkyi acrylate/methacrylate, hydroxy acrylate/methacrylate. glycol acrylate/methacrylate. allyl 
acrylate/methacrylate. epoxy acrylate/methacrylate, aminoplast acrylate/methacrylate, and combinations 
thereof, may be used as 2-photon or 2-wavelength materials. Furthermore, if high refractive index materials 
such as vinyl carbazole and polymerization initiators are added to these, it is possible to increase the rate 
and size of the refractive Index change. Photorefractive materials containing other multi-level materials, such 

40 as 4-level. 2-photon photochemical materials and 3-level, 2-photon photochemical materials, may also be 
used. Since a diacetyl-, benzyl- or camphaquinone-diketone in a poly(methyl-, ethyl- or isobutyl- 
cyanoacrylate) or a diacetyl-, benzyl- or camphaquinone-diketone in a poly(methyl methacrylate) is sensitive 
to light of 700-1100 nm, there is the added merit of allowing the use of a semiconductor laser. 

Reinforcement of the hardness and stability of these materials Is also possible by irradiation with UV 

45 light and heat treatment. The materials are not limited to the above, and other polymers, glass or any other 
material whose refractive index changes with irradiation of superimposed lights of differing wavelengths may 
be used. 

In cases where a photosensitive material which insolubilizes (cures) with light irradiation is used instead 
of a photorefractive material, for example, a substance which produces the multi-level process described 

50 above may be added to cause a curing reaction with the superimposed light of different wavelengths. Upon 
development after local insolubilization of the photosensitive material, the material remains in the form of 
the waveguide. The cavities may be filled with a low refractive index material. UV irradiation or heat 
treatment may also be performed. This allows reinforcement of the hardness and stability. Conversely, 
when photosensitive materials which solubilize with light irradiation are used, pores open in the light- 

55 irradiated sections. A high refractive index material may be injected in the pores to cover them, to bring out 
the converging effect. Any other materials, such as photocuring and photosensitive polyimide epoxy resins, 
photosensitive glass, etc. which solubilize or insolubilize with light irradiation, may also be used. 
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Also, in order to give the wavelength of the. writing light a degree of freedom, the light used to irradiate 
the photorefractive material or photosensitive material is preferably light generated from an optical device 
itself. This may be an LD, LED. waveguide laser amp, or the like. 

Alternatively, the light used to irradiate the photorefractive material or photosensitive material may be 

6 light introduced to the optical device from outside, light generated in the optical device as a result of light 
introduced to the optical device from outside, light generated in the optical device by irradiating light on the 
optical device from outside, or combinations of these types of light. 

Of the above. light generated in the optical device as a result of light introduced to the optical device 
from outside and light generated in the optical device by irradiating light on the optical device from outside 

70 may be obtained, for example, by adding a substance selected from fluorescent pigments and Inorganic 
fluorescent substances, two-photon absorbing/emitting substances such as LD light-measuring phosphor, 
up-conversion substances such as rare earth metal ions and SHG substances, to part or all of the optical 
device, to produce luminescence by the excitatory light. With naturally luminescent materials such as glass 
and polymer waveguides, luminescence may be produced by irradiating part or all of the optical device with 

75 excitatory light. 

Alternatively, the light used to irradiate the photorefractive material or photosensitive material may be 
luminescence produced by excitatory light from the optical device as a result of adding a substance 
selected from fluorescent substances, two-photon absorbing/emitting substances, up-conversion substances 
and SHG substances, to part or all of the material. 

20 Also, particularly in the case of coupling between LD/fibers or a waveguide, the sensitivity of the 
photorefractive material or photosensitive material is sometimes not in the LD light range. To counter this, 
as shown in Fig. 21 for example, the irradiated light may be selectively reflected from the LD light emitting 
region of the LD or a roughly equivalent region, and a SOLNET produced by interaction between the 
propagated light and the reflected light. A dielectric multilayer mirror may be used to reflect light in a 

25 wavelength region of high sensitivity, such as the green to ultraviolet region. Alternatively, as shown in Fig. 
22. the same effect may be obtained by forming an absorbing film in the region surrounding the LD light 
emitting region of the LD or another region which is roughly equivalent thereto. Patterning of the film is 
possible by a common photolithography technique, or by self-align etching or lift-off using a photosensitive 
film which is sensitive to LD light. 

30 In this case, a microlens may be formed at or in the vicinity of the end surface of the fibers or 
waveguide, which may alternately be made into a platelet shape. 

Another example of LD/fiber or LD/waveguide coupling is luminescent radiation of light of a writing 
wavelength resulting from optical excitation. This example is shown in Fig. 49. For example, a luminescent 
film is formed in the LD light emitting region of the LD or a region which is roughly equivalent thereto, and 

35 light of wavelength XI is irradiated from the waveguide or fiber end. When the light of wavelength XI is 
irradiated on the luminescent film, light of wavelength X2 luminesces and radiates. As a result, the same 
state is achieved as if X2 light is emitted from the LD and XI light is emitted from the waveguide or fibers. 
As another example, an outside light Is XI light and X2 light is emitted from the waveguide or fibers. As a 
result, the same state is achieved as if X2 light is emitted from the LD and X2 light is emitted from the 

40 waveguide or fibers. In cases where luminescent films are formed at both the LD end and the waveguide or 
fiber end, X2 light radiates when XI light is irradiated from the outside, and thus the same state is achieved 
as if X2 light is emitted from the LD and X2 light is emitted from the waveguide or fibers. Here, the 
luminescent films may be selected from many types of fluorescent materials which radiate light of 
wavelengths X1 and X2. to make it possible to achieve the same state as if XI light is emitted from the LD 

45 and X2 light is emitted from the waveguide or fibers. In the examples described thus far. it need not be 
mentioned that the XI light and X2 light may be switched. Also, the light irradiated to produce luminescence 
may also contain light of a wavelength Xe especially for excitation. 

In this case as well, a microlens may be formed at or in the vicinity of the end surface of the fibers or 
waveguide, which may alternately be made into a platelet shape. 

50 Here, there is no restriction to LD/waveguide or fiber coupling, as waveguide/fiber coupling and 
waveguide/PD coupling, when writing from both ends is required, are possible using the above-mentioned 
methods. 

Fig. 50 shows an example of a method of monitoring LD coupling. A photorefractive material or 
photosensitive material is situated between the LD and the fibers (or waveguide). Writing light is emitted 
55 from the LD and fibers (or waveguide). Here, by monitoring the intensity of the LD writing light using the 
branch' as shown in the drawing, it is possible to improve the coupling efficiency based on a simple 
determination of the optimum state for the coupling. 
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The following embodiments may also be used for the self-aligned optical coupling method of the 
present invention. 

That is. in self-aligned optical coupling for coupling of optical devices by situating a photorefractive 
material in the entirety or part of the area between a plurality of optical devices and irradiating the 
photorefractive material with light from the plurality of optical devices to impart an refractive index 
distribution, the emitted light from one of the devices is drawn by the refractive index distribution formed by 
emitted light from another of the devices, and this forms a refractive index distribution to form a coupling 
path between the devices. 

Alternatively, in self-aligned optical coupling for coupiing of optical devices by situating a photorefrac- 
tive material in the entirety or part of the area between a plurality of optical devices and irradiating the 
photorefractive material with light from the optical devices to impart a refractive index distribution, the 
refractive index distribution may be formed by emitted light from a device with a small mode field size at 
the emitting end to form optical coupling between the devices. 

Also, in self-aligned optical coupling for coupling of optical devices by situating a photorefractive 
matenal in the entirety or part of the area between a plurality of optical devices and irradiating the 
photorefractive material with light from the plurality of optical devices to impart a refractive index 
distribution, the wavelengths of emitted light of at least 2 or more of the optical devices may be different. 

According to the method of the present invention, there is achieved an effect whereby light at the other 
end is called in (priming system) by a refractive index distribution due to light with a large angle of 
emission, and this allows an Increase in the coupling efficiency between the optical devices. It is also 
possible to emit light from the end with a small mode size to enlarge the mode field and increase the 
coupling efficiency, and by combining this with the wavelength of the sensitization region or the sensitivity 
region of an initiator or monomer. It becomes possible to use emitted light from optical devices of differing 
wavelengths. 

Fig. 51 shows an illustration of an example of a method according to the priming system. Light at the 
other end is called in by a refractive index distribution created by light with a large angle of emission to 
increase the coupling efficiency between the optical devices. This Is a conceptual drawing, and the writing 
distribution from the LD end is self-focused for greater linearity. 

An explanation will now be given regarding a case of coupling between, for example, an LD of 680 nm 
and single mode fibers. Figs. 56A. 56B and 56C are graphs showing the results of the coupling tests. The 
LD and single mode fibers are oriented to oppose each other over a space of 300. 100 or 40 um which is 
filled with a photorefractive material. The material used may be. for example, a mixture of a vinyl carbazole 
polymenzation initiator, red sensitizing dye. or the like in an epoxy matrix. The LD is caused to luminesce 
(at 200 uW or less), while He-Ne laser light (633 nm. 20 uW) is simultaneously emitted from the fibers, 
resulting in the increase in efficiency as shown in Fig. 56B. to a coupling efficiency of 8% in the case of the 
space of 100 am. Also, in the case of the space of 300 um. the coupling efficiency of about 0.1% was 
increased to 4% by the writing from both sides as shown in Fig. 56A. In this case the LD light spreads over 
a large angle (ep = 11 • . 0v = 17-). Here, the light may be emitted from the He-Ne laser after light emission 
from the LD. Alternatively, this may be repeated. The light is not limited to CW. but may also be a pulse 
tram. In this case, the duty factor may be varied to control the actual light intensity. During the writing of 
refractive index distributions, the writing light may be subjected to intensity modulation. For example in the 
case of a pulse train with a duty factor of 10:1. the actual light intensity may be reduced to 1/10 This 
method is particularly useful under conditions where the light Intensity cannot be freely varied such as in 
the case of writing with LD light. 

Fig. 52 is an illustrative view of an example of a writing method by emitting light from an LD alone 
under the same conditions described above. By writing from the LD. it is possible to form a tapered 
refractive index distribution. This distribution may be the result of the self-focusing effect, or it may obtained 
as a result which includes no self-focusing effect. It may also be obtained as a result which partially 
includes a self-focusing effect. The mode field size of the LD is smaller than that of the fibers or waveguide 
In this case of the space of 100 um. as shown in Fig. 56B. the writing was accompanied by an increase in 
efficiency to obtain a 16% coupling efficiency. The mode size of the LD is believed to be enlarged by the 
refractive index distribution, thus improving the coupling efficiency. 

When the space was made to be 40 um. the coupling efficiency further increased to 35%. Here, there 
IS no particular need for a linear waveguide, as the role of a waveguide may be carried out so long as a 
condensing refractive index distribution (for example, of a taper shape, etc.) can be produced as a result of 
self-focusing (see, for example. Fig. 53). 

As shown in Figs. 56A-56C, with writing from only the fiber end there is virtually no increase in the 
coupling efficiency (Figs. 56A and 56B). and thus the effect may be said to be small compared to the two 
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methods described above. 

Figs. 57A and 57B are graphs showing the increase In the coupling efficiency by the writing from both 
sides and by the writing from the LD side alone. The vertical axis represents "Peek Efficiency/Initial 
Efficiency". Larger the space between the LD and the fiber, higher the effect by the writing from both sides. 

5 The increase of the coupling efficiency at the space of 300 um was 10 times by the writing from the LD 
side alone, but as high as 40 times by the writing from both sides. It is supposed that this is because the 
increasing effect of the LD beam spot size is merely expected by the writing from the LD side alone, while 
the effect of calling in the light beams from both the LD and the fiber applies in addition to the LD beam 
spot size-increasing effect by the writing from both sides. Where the space is as small as 30 am, the 

70 increase of the coupling efficiency is low in both cases. The reason is supposed as follows. The beam- 
calling-in effect by the writing from both sides is attained only at an interacting distance of 100 um or more, 
but is insufficient at an interacting distance of 30 um, where the deviation of the fiber axes is several um, 
and a distartce of 100 um or more is also necessary for increasing the beam spot size with a sufficient 
gradual rate. 

75 In these examples, the 2 wavelengths of 680 nm (X2) of the light from the LD and 633 nm (XI) of the 
light from the fibers were used. The light of these wavelengths X1 and \2 are both in the sensitivity range of 
red sensitizing dyes (Fig. 54). Also, the light from the fibers (XI) may be 680 nm to be the same wavelength 
as the light from the LD (X2). Alternatively, the emitted light from the fibers (X1) may be blue to ultraviolet 
light with a wavelength in the sensitivity range of an initiator or monomer (Fig. 55). 

20 Furthermore, as shown in Fig. 58, a fluorescent substance may be situated at or near the emitting end 
of one of the optical devices and emitted excitatory light (XI) from the other one, to form a refractive index 
distribution by the excitatory light and the fluorescent light (X2). In this case, since the fluorescent light is 
usually weaker than the excitatory light, the sensitivity is preferably made to be larger in the wavelength of 
the fluorescent light. Thus, even when writing light is necessary from both ends, light need be incident only 

25 from one end. thus allowing the process to be simplified. An example of a fluorescent substance is a 
fluorescent pigment dispersed in a photocuring substance. 

Where He-Ne laser beam (10 uW) was emitted from an optical fiber of a core diameter of 6 um into a 
red sensitized photorefractive material, it was observed that a linear waveguide extending from the light- 
emitting end of the fiber core was formed in the photorefractive material within 10 seconds. It was also 

30 observed that a linear waveguide or taper-shaped refractive index distribution was formed from the emitting 
end by similar writing from a visible LD. The LD light was observed to be transmitted linearly or with a small 
spreading angle from the emitting end by the self-focusing effect. 

According to the present invention, even when off-axis placement between the optical devices exists, 
even when the angles of divergence of emitted light from each of the optical devices are different, even 

35 when the mode field sizes at the emitting ends of each of the optical devices are different, even when the 
wavelengths of the emitted light from each of the optical devices are different, and even when the 
positioning precision is rough, there may be realized optical devices, self-aligned optical couplers and the 
like, including waveguides and refractive index distributions, wherein connection is automatically established 
between the waveguides and a large degree of freedom of shape is possible, as well as methods for their 

40 production. 

According to the present invention, even when off-axis placement between the optical devices exists, 
even where the angles of divergence of emitted light from each of the optical devices are different and even 
when the mode sizes at the emitting ends of the respective optical devices are different, it is possible to 
realize simple conversion to a desired pattern, and the optical coupling efficiency between devices is 
45 improved. 

In addition, it is possible to form simple waveguides and coupling paths, with alleviation or elimination of 
lowered efficiency due to the limits of mechanical precision of working to make V-grooves and raised 
portions, as well as stabilization of modules and a high degree of freedom. 

Fig. 59 illustrates the concept of a light coupling device of the present Invention, with an example in 

50 which the optical device is an LD (or waveguide). A photorefractive material Is coated either as discrete 
chips or as an array prior to cutting off discrete chips, and this Is exposed to light emitted from the LD (or 
waveguide) to form a refractive Index distribution. It is thus possible to convert the characteristic light 
emission pattern of the device to a proper pattern for emission. For example, the LD has a beam size of 
about 1 um, but by widening this to about 10 um, coupling between the fiber or waveguide is facilitated. 

55 The coaling may be accomplished by, for example, dipping or spin coating all or a portion (which includes 
the light emitting end) of the device. The writing light is emitted from the fight emitting end. In the case of 
an LD, it may also be driven to luminesce to produce the writing light. In particular, by utilizing the self- 
focusing effect of the emitted light to form the refractive index distribution, the confined state of the light is 

17 



EP 0 689 067 A2 



improved to allow formation of a satisfactory optical coupling path. The optical device may be. In addition to 
a waveguide or LD, an optical fiber, light-emitting device, photodiode. lens, hologram, prism, grating, mirrbr. 
pinhole, slit, or the like. 

Actual examples of LD/photorefractive materials are given below. A 100 nm-thick photorefractive 
5 material layer is formed on a 680 nm LD. The material used may be prepared, for example, by adding a 
vinyl carbazole monomer, polymerization initiator, red sensitizing agent or the like to an epoxy matrix. The 
LD is caused to luminesce (around 680 um) to write in the refractive index distribution, and the. device is 
made by photocuring or thermosetting adhesion. This device provided a coupling efficiency of 17% with a 
single mode fiber. When an LD without refractive index distribution formation was used for fiber coupling in 
10 the same orientation, only 5% efficiency was achieved. It is believed that the mode size of the LD was 
enlarged by the refractive index distribution to thus improve the coupling efficiency. 

Figs. 60 and 61 illustrate examples for concurrently forming refractive index distributions in LD wafers. 
A groove is formed at an emitting end of each LD, a photorefractive material is provided, and a refractive 
index distribution is formed by light emitted from the LD. After curing the photorefractive material. LD chips 
15 are cut off. If necessary, the polymer may be etched before cutting to make the cutting off easy. In the case 
of Fig. 61, the photorefractive material was formed on the whole wafer and. thus, the productivity is 
improved. 

Figs. 62A, 62B, 63 A. 63B, 64A and 64B are illustrative views of structures of optical coupling modules. 
Figs. 62A and 628 are examples of an LD/fiber (or waveguide) coupling module. After the LD and fiber 
20 have been fixed to a substrate provided with, for example, a Si V-groove and raised portion, the 
photorefractive material is dropped thereon, and a refractive index distribution is written by the self-focusing 
effect from the LD end (it may also be written from both the LD and fiber ends). This is adhesively fixed to 
make a module. The LD light spot size enlarges to the spot size of the fiber to be efficiently introduced into 
the fiber. The photorefractive material may be inserted only between the LD and fiber, or it may also cover 
25 all or part of the LD. 

Figs. 63A and 638 are examples of a PD/fiber (or waveguide) coupling module. After the PD and fiber 
have been fixed to a substrate provided with, for example, a Si V-groove and raised portion, the 
photorefractive material is dropped thereon, and a refractive index distribution is written by the self-focusing 
effect from the fiber end. This is adhesively fixed to make a module. The light from the fiber is introduced 
30 to efficiently enter into the PD. The photorefractive material may be inserted only between the PD and fiber, 
or it may also cover all or part of the PD. 

Figs. 64A and 648 are examples of a waveguide/fiber coupling module. After, for example, a polyimide 
film on Si is worked to make a V-groove and raised portion, and the waveguide and fiber are fixed thereto, 
the photorefractive material is dropped thereon, a refractive index distribution is written by the self-focusing 
35 effect from both the waveguide and fiber ends. This is adhesively fixed to make a module. This 
accomplishes efficient coupling between the waveguide and the fiber. The photorefractive material may be 
inserted only between the PD and fiber, or it may also cover all or part of the waveguide. 

A photosensitive material may also be used in place of the photorefractive material. 

According to the first aspect of the present invention described above, it is possible to realize a method 
40 of automatically burrowing out a waveguide by light incidence and a method of forming a refractive index 
distribution by self-focusing and devices formed thereby; a method of forming a waveguide circuit network 
by automatically combining a few waveguides by light incidence and devices formed thereby; and optical 
couplers having an alleviated positioning accuracy employing waveguides obtained in such a manner. 

Furthermore, it is possible to realize optical devices with a high degree of freedom and optical coupling 
45 formation, by a method employing light of a plurality of wavelengths. 

The following provides an explanation of preferable embodiments of the second aspect of the present 
invention with reference to the drawings. 

Figs. 65-68 are respectively conceptual drawings of the non-linear optical material of the present 
invention. 

50 Fig. 65 indicates an example of substance modulation. In this example, the substances of each layer 
are different in a multi-layer structure. Centro-symmetry is eliminated in the direction of film thickness by 
controlling the lamination sequence. In this example, the maximum Pockels effect is obtained when an 
electric field is applied in the direction of film thickness and the polarization of light is in the direction of film 
thickness. 

55 Fig, 66 indicates an example of composition modulation. In this example, the composition of each layer 

is different in a multi-layer structure. Centro-symmetry in the direction of film thickness is eliminated by 
controlling the lamination sequence. In this example as well, the maximum Pockels effect is obtained when 
an electric field is applied in the direction of film thickness and polarization of light is in the direction of film 
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thickness. 

Fig. 67 indicates an example of doping modulation. In this example, the doping material and doping 
concentration of each layer is different In a multi-layer structure. Centre- symmetry in the direction of film 
thickness is eliminated by controlling the lamination sequence. In this example as well, the maximum 

5 Pockels effect is obtained when an electric field Is applied in the direction of film thickness, and the 
polarization of light is in the direction of film thickness. 

Fig. 68 indicates an example of film thickness modulation. In this example, the film thickness of each 
layer is different in a multi-layer structure. Reverse symmetry in the direction of film thickness is eliminated 
by controlling the lamination sequence. In this example as well, the maximum Pockels effect is obtained 

70 when an electric field is applied in the direction of film thickness, and the polarization of light is in the 
direction of film thickness. 

In each of the above-mentioned examples, the effect of each repeating unit becomes uniform thereby 
allowing the obtaining of a large effect by making modulation cyclical. 

Figs. 69-81 indicate embodiments of the non-linear optical material of the present invention. 

75 Figs. 69-72 are examples of substance modulation. In the example shown in Rg. 69 in which a-SiOx, a- 
SiNy and a-Si:H are sequentially laminated on a substrate, each material if deposited on an Si wafer by 
ordinary plasma CVD. a-Si:H is deposited by introducing 20% silane diluted with hydrogen under conditions 
of 50 seem and 0.2 torr at a substrate temperature of 230 "C, and applying 15 W of rf power. a-SiNy was 
deposited under the above-mentioned conditions and adding ammonia at 50 seem. In the case of a-SiOx, , 

20 oxidizing reactive gas (such as N2O) is added. A multi-layer structure can be obtained by sequentially 
repeating deposition. The thickness of each layer can be controlled according to deposition time. Since the 
deposition rate is 30 A/min. film thickness becomes 3 X in 6 seconds, 5 A in 10 seconds. 10 A in 20 
seconds, and 30 A in 60 seconds. However, deposition conditions are not limited to those mentioned above, 
but rather deposition can be performed at a faster rate. Since this structure does not have centro-symmetry 

25 in the direction of film thickness, when a voltage is applied, changes occur in the refractive index due to EO 
effects. A multi-layer structure fabricated in this manner in particular has properties such that electrons 
migrate from the nitride film side to the silicon side (Philosophical Magazine B. 1987, Vol. 55, 409-416). 
Thus, large polarization can be achieved that is effective in increasing non-linear optical properties. 

In the case of glass materials and transition metal oxides, deposition can be performed by, for example. 

30 multi-target simultaneous sputtering. In addition, various other deposition methods can also be used, 
including EE vapor deposition and CVD that utilizes the reaction between a transition metal chloride and 
water vapor. As shown in Fig. 70, in the case of using W, Ir and Ta for the transition metal, since IrOx has 
electron accepting properties, WOy has electron donating properties and TaOz has carrier blocking 
properties, polarization occurs efficiently resulting in the appearance of large non-linear optical properties, 

35 In addition, as shown in Fig. 71. a rare earth ion doped material is created by using LHG-5:Nd glass 
made by Hoya Glass for a portion of the layer. As a result, a material is realized that has EO effects while 
also serving as an optical power source, waveguide laser or amplifier. When this material is formed into a 
waveguide and pump light at 800 nm is allowed to enter, light is emitted at 1052 nm. In addition, light at 
1052 nm can also be amplified. 

40 In addition, as shown in Fig. 72, by laminating a rare earth ion doped glass layer with various types of 
glass layers, a material can be realized that has EO effects while also serving as an optical power source, 
waveguide laser or amplifier. 

In addition the above-mentioned sputtering, CVD, plasma CVD and EB vapor deposition processes, 
various other processes can be used for the deposition process, including optical CVD. sol-gel and flame 

45 deposition. 

Figs. 73-76 are examples of composition modulation. As shown in Fig. 73, a structure can be realized 
that does not have centro-symmetry in the direction of film thickness by changing the composition of a-SiN 
to a-SiNx.a-SiMy and a-SiN^. Consequently, when a voltage is applied, a change in the refractive index 
occurs due to EO effects. The band gap and electron donating properties of the nitride layer change 

50 according to its composition (Philosophical Magazine B, 1987. Vol. 55. 409-416). Thus, large polarization is 
able to be formed that has the effect of increasing non-linear optical properties. The composition of a-SiN 
can be changed by, for example, changing the flow volume of ammonia to 25, 50 and 100 seem. The 
thickness of each layer can be controlled according to deposition time in the same manner as in the above- 
mentioned case of substance modulation. 

55 In the case of a glass material or transition metal oxide, a non-linear optical material can be formed by 
changing the composite ratio of the transition metal as shown in, for example. Figs. 74 and 75. In the case 
of using multi-target simultaneous sputtering, the power supplied to the targets should be changed. In 
addition, various other deposition processes can also be used, including EB vapor deposition and CVD 
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using the reaction between a transition nnetal cliloride and water vapor. In the case W. Ir and Ta are used 
for the transition metal, since IrOx is electron accepting. WOy Is electron donating and TaOz is carrier 
blocking, the properties change according to these composite ratios, thereby resulting in the appearance of 
non-linear optical properties. 

5 In addition, a rare earth Ion doped material results by using LHG5:Nd glass made by Hoya Glass as a 

component of a portion of the layer. As a result, a material can be realized that has EO effects while serving 
as an optical power source, waveguide laser or amplifier. When this material Is formed into a waveguide 
and pump light at 800 nm is allowed to enter, light Is emitted at 1052 nm. In addition, light at 1052 nm can 
also be amplified. 

10 In addition, a material can be realized that has EO effects while serving as an optical power source. 

waveguide laser or amplifier by doping rare earth Ions. As a result, since this enables switching functions 

such as optical pick-up and so forth to be given to the material, devices such as variable wavelength light 

source and tunable optical switch can be realized. 

In addition to the above-mentioned sputtering, CVD, plasma CVD and EB vapor deposition processes, 
75 various other processes can be used for the deposition process, including optical CVD, sol-gel and flame 

deposition. 

Figs. 76-78 are examples of doping modulation. For example, as shown In Fig. 76. a structure can be 
realized that does not have reverse symmetry in the direction of film thickness by sequentially laminating 
non-doped a-SI:H. B-doped a-Si:H and P-doped a-Si:H on a substrate. Consequently, when a voltage Is 

20 applied, a change In the refractive index occurs due to EO effects. Since p-n junctions are formed in the 
film, large polarization can be formed thereby having the effect of Increasing non-linear optical properties. B 
doping can be performed by introducing diborane during a-Si:H deposition, while P doping can be 
performed by introducing phosphine. The thickness of each layer can be controlled according to the 
deposition time in the same manner as In the case of the above-mentioned substance modulation. 

25 Another example is shown using a glass material. As shown in Fig. 77. for example, the dopant is 
modulated In SiO^. In this case, various deposition processes can be used. Including plasma CVD. multi- 
target simultaneous sputtering. EB vapor deposition and CVD. For example, in the case of using W, Ir and 
Ta for the dopant transition metal, since IrOx is electron accepting. WOy Is electron donating and TaOz is 
carrier blocking, properties change according to these composite ratios, thereby resulting in the appearance 

30 of non-linear optical properties. 

In addition, a rare earth ion doped material as shown in Rg. 78 results by. for example, using LHG5:Nd 
glass made by Hoya Glass as a component of a portion of the layer. As a result, a material can be realized 
that has EO effects while serving as an optical power source, waveguide laser or amplifier. When this 
material Is formed Into a waveguide and pump light at 800 nm is allowed to enter, light is emitted at 1052 

35 nm. In addition, light at 1052 nm can also be amplified. 

In addition, by doping rare earth ions, a material can be realized that has EO effects while also serving 
as an optical power source, waveguide laser or amplifier. As a result, since this enables switching functions 
such as optical pick-up and so forth to be given to the material, devices such as variable wavelength light 
source and tunable optical switch can be realized. 

40 In addition, rare earth ions such as Nd ions may be modulated and doped in. for example, laser glass 
like LHG5. 

In addition to the above-mentioned sputtering. CVD. plasma CVD and EB vapor deposition processes, 
various other processes can be used for the deposition process, including optical CVD. sol-gel and flame 
deposition. 

45 Figs. 79-81 are example of film thickness modulation. As a result, a structure can be realized that does 
not have centro-symmetry In the direction of film thickness. Consequently, when a voltage is applied, 
changes occur in the refractive index due to EO effects. Examples of materials that can be used include 
those materials described with respect to substance modulation, composition modulation and doping 
modulation. In addition, various processes can be used for the deposition process, including plasma CVD. 

50 multi-target simultaneous sputtering. EB vapor deposition and CVD. 

As explained for Figs. 69-81. substance modulation, composition modulation, doping modulation and 
film thickness modulation can also be realized using not only Inorganic materials, but organic materials as 
well. 

Examples of organic crystal, polycrystalline or amorphous materials are shown below. 
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IS Substance modulation can be perfornaed by laminating several types of porphyrins having the structure 

like that shown in the examples. Since depolarization occurs between each layer and there is no centro- 
symmetry in the direction of film thickness, second-order non-linear optical effects are produced. These 
materials are basically polycrystals. By forming on a substrate by epitaxial growth, these polycrystals can 
also be used in the form of single crystal. Numerous other types of materials can be used, including ring- 

20 shaped molecules such as phthalocyanine and naphthocyanine, MNBA materials (Fukuda and Gotoh: Laser 
Seminar "6th Non-Linear Optical Effect Device Technical Research Seminar", published research materi- 
als), PTCDA (perylenetetracarboxylic dianhydride) and NTCDA (naphthalenetetracarboxylic dianhydride). 
Composition can be modulated by employing a mixed composition of a plurality of types of molecules for 
each layer, and changing the mixing ratio, doping can be modulated by controlling the addition of impurity 

25 molecules, and film thickness can be modulated by controlling film thickness. Examples of processes that 
can be used for the deposition process include organic MBE, organic MBD. vapor deposition. LB and spin 
coating. 

In the case of an organic polymer material, substance modulation can be performed by laminating a 
plurality of types of polymer layers. For example, in the case of a laminated film such as that in which 

30 polyimide, polyazomethine, polyphenylenevinylene, polyimide, polyazomethine, polyphenylenevinylene and 
so forth are laminated in sequence on a substrate, since polarization occurs between each layer and there 
Is no centro-symmetry in the direction of film thickness, third-order non-linear optical effects are produced 
together with second-order non-linear optical effects. In addition, various types of films can be used, 
examples of which include a film in which polyimide, polyimide to which a donor group (e.g. methoxy 

35 group) has been added, polyimide to which an acceptor group (e.g. nitro group) has been added, polyimide, 
polyimide to which a donor group has been added, polyimide to which an acceptor group has been added, 
polyimide and so forth are laminated in sequence on a substrate, and a film in which azomethine, 
azomethine to which a donor group has been added, azomethine to which an acceptor group has been 
added, azomethine, azomethine to which a donor group has been added, azomethine to which an acceptor 

40 group has been added, azomethine and so forth are laminated in sequence on a substrate. Composition can 
be modulated by composing each layer in the form of a mixture or copolymer of a plurality of types of 
polymer molecules and changing the composite ratio, doping can be modulated by controlling the addition 
of impurities, and film thickness can be modulated by controlling the film thickness. Examples of processes 
preferably used for the deposition process include vapor phase deposition processes typically represented 

45 by CVD. MLD. vapor deposition polymerization and MBD as indicated in Japanese Unexamined Patent 
Publication No. 5-80370 and No, 4-296729, In addition, various other routine deposition processes can also 
be used, examples of which include organic MBE. organic MBD, vapor deposition. LB and spin coating. 

In addition, in the type of film described above, polymer chains may be connected between layers. In 
addition, a rare earth ion doped material results by, for example, using LHG5:Nd glass made by Hoya Glass 

50 as a component of a portion of the layer. As a result, a material can be realized that has EG effects while 
serving as an optical power source, waveguide laser or amplifier. When this material is formed into a 
waveguide and pump light at 800 nm is allowed to enter, light is emitted at 1052 nm. In addition, light at 
1052 nm can also be amplified. 

In addition, a material like that shown in Figs. 84A-84F can be realized that has EG effects while also 

55 serving as an optical power source, waveguide laser or amplifier by containing rare earth ions and/or 
molecules containing rare earth ions (M^"^) like that schematically indicated in Fig. 82 in a non-linear optical 
molecule (NLO molecule) like that schematically indicated in Fig. 83. As a result, since this enables 
switching functions such as optical pick-up and so forth to be given to the material, devices such as variable 
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wavelength light source and tunable optical switch can be realized. 

In addition, by changing the layer on a single atomic or single molecular scale to contain a single 
atomic layer or single molecular layer in a multi-layer film as shown in Figs. 85-87 in an inorganic or 
organic material, It Is possible to control wave function at the microscopic level, thereby enabling the 
5 generation of large non-linear optical effects. In addition, in the case of a thin film, nearly the same effects 
can be obtained in the case of containing a layer having a thickness of preferably 10 A or less. 

In Fig. 85. with a sequence of O, Si. O and N, Si, N, Si, O. .... a film is constructed. In Fig. 86, with a 
sequence of O, Ta. O. Ir. O. W. .... a film is constructed. In Fig. 87. with a sequence of O, Nd. O. Li. O, Nd, 
O, .... a film is constructed. 

10 Figs. 88A-88F schematically indicate a deposition process controlled at the atomic level. Various 
processes can be employed for said deposition process, examples of which include alternately supplying 
Ta. Ir and W to a substrate by sputtering in an oxygen atmosphere and so forth (corresponding to the film 
fabrication shown in Fig. 86). CVD using silane gas for the base, or switching introduction of ammonia. N2O 
or methane (corresponding to the film fabrication shown in Fig. 85, in which gas is introduced in the 

IS sequence of N2O. N2O + NH3, NH3. N2O, N2O + NH3, NH3, N2O. N2O. ..'). Alternatively, as shown in 
Figs. 89A-89F. a process can also be used that utilizes the chemical reaction between reactive gases. For 
example, a layer structure can be formed when tantalum chloride, iridium chloride and tungsten fluoride gas 
are introduced while switching between each substance by CVD in an atmosphere of H2O and so forth. 
Namely, atomic layer deposition (ALD) can be performed by sequentially switching between tantalum 

20 chloride, H2O, iridium chloride. H2O. tungsten fluoride, H2O. tantalum chloride, H2O. iridium chloride. H2O, 
tungsten fluoride and so forth (corresponding to the film fabrication shown in Fig. 86). Figs. 90A-90F 
indicate an example of forming a layer structure by sputtering a compound such as an oxide with vapor 
deposition or CVD. 

A film like that described above can be applied in various non-linear optical devices including 
25 electrooptical devices such as optical modulators, optical switches and tunable filters. Furthermore, the^film 
can also be applied to electro-optical devices such as. optical amplifiers and optical waveguide lasers 
having non-linear optical effects, and. for example, the optical circuit substrate like that shown in Figs. 91 A- 
910. Fig. 91 A is a side view. Fig. 91 B is an overhead view, while Fig. 910 is an enlarged view of the switch 
portion of Fig. 91 A, wherein the switch is planner. A vertical switch with a stacked directional coupler 
30 structure can also be used. Moreover, the film of the present invention can be widely applied in optical 
wiring and switches for parallel processors, various types of optical modules for data processing and 
communication, and E/0 circuit substrates. 

According to the second aspect of the present invention, the present invention is able to provide a non- 
linear optical material, optical power source, optical waveguide laser and optical waveguide amplifier that 
35 have EG effects, as well as non-linear optical devices, non-linear optical amplifier, optical waveguide laser 
and optical circuit substrate that use the above, that have a large degree of freedom for the substrate 
composition, facilitate easy lamination, have a low dielectric constant, are suited to low power and high- 
speed driving, are easily applied to large surface areas, and can be easily and stably combined with other 
devices. 

40 In the case the photoelectric device according to the third aspect of the present invention is a light 
emitting diode (LED), the functional layer composed of organic conjugated polymer formed by depositing 
on a substrate by vapor deposition polymerization may be one or two or more layers of the light emitting 
layer, hole transport layer and electron transport layer of this LED. In addition, in the case the photoelectric 
device is a solar cell, the functional layer composed of an organic conjugated polymer film may be the 

45 photoconductor layer of this solar cell. In the case the photoelectric device is a light receiving device, the 
functional layer composed of an organic conjugated polymer film may be the light receiving layer of this 
light receiving device. In the prior art, however, the forming of an organic conjugated polymer film by vapor 
deposition polymerization and the using of that film as the functional layer of a photoelectric device in the 
manner described above was not known In the prior art. 

50 Deposition of said organic conjugated polymer film can be performed by, for example, performing vapor 
deposition polymerization of a diamine compound having two terminal amino groups (-NH2) and a 
dialdehyde compound having two terminal aldehyde groups (-CHO), and depositing the resulting organic 
conjugated polymer having an azomethine bond 

55 
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on a substrate to form a film. Alternatively, vapor deposition polymerization can be performed on an 
acetonitrile compound having two terminal acetonitrile groups (CH2CN) and a dialdehyde compound having 
TO two terminal aldehyde groups to form an organic conjugated polymer having the bond indicated below: 



IS 
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CH 
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or, vapor deposition polymerization can be performed on a diacetylene compound having two terminal 
acetylene groups: 

- C 3 C H 

and a dithtol group having two terminal thiol groups (-SH) to form an organic conjugated polymer film 
having the bond indicated below: 
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For example, after using vapor deposition apparatus 1 like that shown in Fig. 92 to perform vapor 
40 deposition on molecules of diaminobenzene having the following formula: 



for the diamine compound, and molecules of diphthalaldehyde having the following formula: 



60 



OH C 
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for the dialdehyde compound from two molecular vapor deposition cells 2 and 3, respectively, organic 
conjugated polymer film 5 having a azomethine bond as indicated with the following formula: 



5 



10 




IS is deposited on substrate 4 while polymerizing in this apparatus. 

Those diamine compounds, dialdehyde compounds, diacetonitrile compounds, diacetylene compounds 

and~dithioI'compbirrids^that~ca^^^ 

have the basic skeleton structure indicated in the formulas below, and examples of these include 
compounds having two of the above-mentioned amino, aldehyde, acetonitrile, acetylene or thiol terminal 

20 groups bonded to this basic skeleton structure. 
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Perylene 
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Naphthoquinone 
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Diphenylmethane 



Triphenylmethane 



Polyinethine 



In this formula, this compound Is cyanine if X and Y represent compound rings containing nitrogen, 
azomethine if -CH= is substituted with -N= in a portion of the repeating unit, and these are also included. 




Acridinone 



Diphenyl amine 
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Quinacridone 



Quinophthalone 



Phenoxadine 



Phthaloperynone 



Cumarin 
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Triphenylamine 



Carbazole 



In addition, during deposition of the organic conjugated polymer film by vapor deposition polymeriza- 
tion, by performing surface treatment using a technique such as rubbing on the surface of the substrate on 
which the polymer film is deposited, the molecules of the organic conjugated polymer can be oriented as 
desired. 

Since an organic conjugated polymer film obtained by this type of method can be easily applied to 
large surface areas, it is advantageous for use in the production of light emitting displays. In addition, since 
this polymer film has a high degree of surface flatness and film thickness can be easily controlled, it can 
also be advantageously used in the production of polymer lasers and so forth. 

Moreover, the photoelectric device and method for its preparation of the present invention are also 
advantageous from the viewpoint of not requiring the polymer to be dissolved in solvent or the providing of 
a solubllized portion during forming of the film, thus eliminating the occurrence of problems caused by 
residual solvent and decreases in emission efficiency. 

The following provides a more detailed explanation of the third aspect of the present invention through 
its embodiments. 

An LED device having a structure like that shown in Figs. 93 was fabricated according to the following 
procedure. Namely, glass substrate 6, having a thickness of 0.5-1 mm, was used that has ITO electrode 7 
having a thickness of 1000 A. Using diaminofluorene having the following formula: 
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and the previously mentioned tereplithalaldehyde for the starting materials, molecules of these compounds 
10 were deposited on this ITO electrode 7 by a deposition apparatus like that shown in Fig. 92. Light emitting 
layer 8 was then deposited composed of a film of the organic conjugated polymer having the following 
formula: 



75 



20 




while polymerizing. The temperature of the molecular deposition cell at this time was 90-1 20 'C. the 
vacuum of the apparatus was 10"2-io-3 Terr, and a polymer film having a film thickness of 2000 A was 
25 obtained during 10 hours of deposition. 

Next, upper In electrode layer 9. having a film thickness of 3000 A, was formed by performing vapor 
deposition of In at a deposition rate of 10 A/sec and vacuum of 10"^-10~^ Torr. 

The resulting LED device began to emit blue light following application of a voltage of roughly 12 V, and 
its maximum emission efficiency was roughly 0.5%. 
30 According to the third aspect of the present Invention, a photoelectric device is obtained having an 
organic conjugated polymer film for the functional layer that can easily be applied to large surface areas, 
has a high degree of flatness, and allows film thickness to be easily controlled, and a sufficiently practical 
photoelectric device can be realized that uses that organic polymer. 

An explanation will now be give regarding various embodiments of the fourth aspect of the present 
35 invention which, of course, are not intended to restrict the scope of the invention. 

In the optical network of the present Invention, the optical path loops may be single lines or multiple 
lines. 

The electronic elements and electronic apparatuses are selected from LSIs. microprocessors, process- 
ing elements (PE). MCMs. work stations, personal computers, large scale computers and peripheral terminal 
40 units. Alternatively, the electronic elements and electronic apparatuses may be composites of optical 
devices selected from LDs. LEDs. PDs. phototransistors, nonlinear optical devices, waveguides, holograms, 
gratings, optical amplifiers and waveguide lasers, with electronic elements or electronic apparatuses. 

A transmitter and/or receiver may be provided at the terminals of the optical path loop corresponding to 
each processing element. Optical switches for switching optical signals between the loops may also be 
45 provided. 

The optical switches may be either be of the Banyan type or crossbar type. Each of the optical 
switches Is driven by an LSI including an interface circuit incorporated or added to each of the processing 
elements, or a driving LSI mounted on or Incorporated in the board. 

Waveguide loops are provided to correspond to each processing element, there is linked thereto a 

50 transmitter for each processing element, optical signals from other processing elements are selected by an 
optical switch provided for each processing element in each waveguide loop, and the optical signal from the 
desired processing element Is guided to the receiver of each processing element, and received. Optical 
path loops are provided to correspond to each processing element, there is linked thereto a receiver for 
each processing element, optical signals from the transmitter are introduced to the optical path loops 

55 corresponding to each receiving-end processing element by an optical switch, and the optical signals are 
transmitted to the desired processing element. A filter array or branching filter which branches light of a 
specific wavelength assigned to each processing element, selectively takes it up. and guides it to the 
receiver array of each processing element corresponding to each wavelength, is provided In the optical path 
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loop, a transmitter which outputs an optical signal of the assigned wavelength is provided in each 
processing element, and the optical signal of the wavelength corresponding to the desired transmltting-end 
processing element is selectively guided to the receiver where the optical signal of the desired processing 
element is received. A filter or branching filter which selectively takes up light of a specific wavelength 
assigned to each processing element and guides it to the receiver of each processing element is provided 
in the optical path loop, a transmitter array which outputs an optical signal of the assigned wavelength is 
provided in each processing element, and the optical signal of the wavelength corresponding to the desired 
receiving-end processing element is selectively introduced to the optical path loop where the optical signal 
is transmitted to the desired processing element. A tunable filter or branching filter which selectively takes 
up light of a specific wavelength assigned to each processing element and guides it to the receiver of each 
processing element is provided in the optical path loop, a transmitter which outputs an optical signal of the 
assigned wavelength Is provided in each processing element, and the optical signal of the wavelength 
corresponding to the desired transmitting-end processing element is selectively guided to the receiver 
where the optical signal of the desired processing element is received. Alternatively, a filter or branching 
filter which selectively takes up light of a specific wavelength assigned to each processing element and 
guides it to the receiver of each processing element is provided in the optical iDath loop, a wavelength- 
variable transmitter which outputs an optical signal of the assigned wavelength is provided in each 
processing element, and the optical signal of the wavelength corresponding to the desired receiving-end 
processing element is selectively introduced to the optical path loop where the optical signal is transmitted 
to the desired processing element. A tunable filter or branching filter which selectively takes up light of a 
specific wavelength assigned to each processing element and guides it to the receiver of each processing 
element is provided in the optical path loop, a wavelength-variable transmitter which outputs at least an 
optical signal of the assigned wavelength is provided in each processing element, and the header and data 
of the transmitted signal are transmitted at different wavelengths. 

A tunable filter or branching filter which selectively takes up light of a specific wavelength assigned to 
each processing element and guides it to the receiver of each processing element is provided in the optical 
path loop, a wavelength-variable transmitter which outputs an optical signal of the assigned wavelength is 
provided in each processing element, and the header of the transmitted signal is transmitted at the 
assigned wavelength of the receiving end while the data is transmitted at the assigned wavelength of the 
transmitting end, in which case the filter of each processing element is normally tuned to its own assigned 
frequency, and when the header comes it recognizes the transmitting end and is tuned to that correspond- 
ing wavelength, and when reception Is complete it may be tuned to its own wavelength. A tunable filter or 
branching filter which selectively takes up light of a specific wavelength assigned to each processing 
element and guides it to the receiver of each processing element is provided in the optical path loop, a 
wavelength-variable transmitter which outputs an optical signal, of the assigned wavelength and the header- 
assigned wavelength is provided in each processing element, and the header of the transmitted signal is 
transmitted at a wavelength which is different from each assigned wavelength while the data is transmitted 
at the assigned wavelength of the transmitting end. In which case the filter of each processing element is 
normally tuned so as to take up at least a portion of the header-assigned wavelength, recognizing the 
transmitting end and receiving end based on the taken up header, and In cases where itself is the receiving 
end it is tuned to the wavelength corresponding to the transmitting end. and when reception is complete it 
is tuned to the header-assigned wavelength. A tunable filter or branching filter which selectively takes up 
light of a specific wavelength assigned to each processing element and guides it to the receiver of each 
processing element is provided in the optical path loop, a wavelength-variable transmitter which outputs an 
optical signal of the assigned wavelength and the header-assigned wavelength is provided in each 
processing element, and the header of the transmitted signal is transmitted at a wavelength which is 
different from each assigned wavelength while the data is transmitted at the assigned wavelength of the 
receiving end which is itself, in which case the filter of each processing element is normally tuned so as to 
take up at least a portion of the header-assigned wavelength, recognizing the transmitting end and receiving 
end based on the taken up header, and in cases where itself is the receiving end it is tuned to the 
wavelength corresponding thereto, and when reception is complete it is tuned to the header-assigned 
wavelength. 

Alternatively, an optical path loop is provided to correspond to each processing element, a transmitter 
array which outputs a multiplex wavelength optical signal is linked thereto, which selects optical signals 
from other processing elements by an optical switch provided for each processing element in each optical 
path loop, and which branches a wavelength-multiplexed optical signal comprising a plurality of wavelengths 
via a filter or branching filter, is linked to the receiver array of each processing element which corresponds 
to each wavelength, and the wavelength-multiplexed optical signal is guided from the desired processing 

38 



06fl<iOR7A? I > 



EP 0 689 067 A2 



element to the receiver array of each element where It is received. An optical path loop is provided to 
correspond to each processing element, a transmitter array which branches a wavelength-multiplexed 
optical signal comprising a plurality of wavelengths via a filter or branching filter, links the receiver arrays of 
each processing element corresponding to each wavelength, and outputs the multiplex wavelength optical 

5 signal is provided in each processing element, the optical signal from the transmitter array Is merged with 
the optical path loop corresponding to the receiving-end processing element by an optical switch, and the 
wavelength-multiplexed optical signal Is transmitted to the desired processing element. 

The transmitter, receiver and/or tunable filter Is driven by an LSI including an interface circuit 
incorporated or added to each of the processing elements, or a driving LSI mounted on or Incorporated in 

ro the board. Also, the signal multiplexing is carried out by an LSI Including an interface circuit incorporated or 
added to each of the processing elements, or a driving LSI mounted on or incorporated in the board. The 
transmitter may include an LD, and the linking with the waveguide is accomplished by a method employing 
optical solder, grating, hologram, 2-axis waveguide, or SELPIT and iSOLNET (see Japanese Patent 
Application No. HEI 6-140502). The transmitter may include optical wiring which Includes a voltage-driven 

15 electrooptical switch or light modulator, converts electrical signals into optical signals and transmits the 
optical signals. The transmitter may include optical wiring which includes a voltage-driven electrooptical 
switch or light modulator, converts electrical signals into optical signals by picking up at least a portion of 
the light of an optical waveguide used as a light source or light reservoir, selected from waveguide lasers, 
waveguide photoamplifiers and the like, and transmits the optical signals. The transmitter may Include 

20 optical wiring which converts electrical signals to optical signals by modulating light from a waveguide laser 
which transmits by pumping light, with an electrooptical switch or light modulator, and transmits the optical 
signals. Alternatively, the transmitter may include optical wiring which converts electrical signals to optical 
signals by modulating light from an LD or light introduced through a fiber, flexible waveguide or space, with 
an electrooptical switch or light modulator, and transmits the optical signals. r 

25 The receiver includes an LSI. an receiving element formed on a substrate, or an independent receiving 
element and the linking with the waveguide is accomplished by a method employing optical solder, grating, 
hologram or a Z-axis waveguide. The wavelength-variable transmitter may be a tunable LD or tunable 
waveguide laser. 

All or a portion of the electrooptical switches, light modulators and tunable filters are selected from 
30 electrooptical polymers and second-order or third-order organic nonlinear optical materials. The wavelength- 
variable transmitter contains a material selected from electrooptical polymers and secondary or tertiary 
organic nonlinear optical materials. Alternatively, all or a portion of the electrooptical switches, light 
modulators and tunable filters comprise a material selected from semiconductor materials and glass. The 
wavelength-variable transmitter comprises a material selected from semiconductor materials and glass. 
35 A system may be employed whereby the electrooptical switch and light modulator create a refractive 
index difference in and/or near the optical waveguide by voltage application, and operate utilizing the 
resulting light reflection. The electrooptical switch and light modulator may also open a refractive index 
window in the clad by voltage application, and operate utilizing the resulting light leakage. 

The receiving element is formed by cutting across the top or bottom of the waveguide or through the 
40 waveguide, and is selected from a-Si, poly SI and polymer photodlodes, phototransistors and MSM 
detectors. The receiving element may be formed In a semiconductor crystal substrate. 
The photoelectric source used may be a polymer or glass. 

The light source Is usually an LD. An organic luminescent element comprising a low molecular crystal 
and/or polymer may also be used. 

45 The luminescent element may be formed by cutting across the top of the waveguide, the bottom of the 
waveguide, and/or through the waveguide. The luminescent element may also be formed at the top and/or 
bottom of the waveguide leaving a space. Alternatively, the luminescent element may be formed in a 
semiconductor crystal substrate. 

The polymer may be formed by the vapor growth method. 

50 The processing elements, optical paths and optical transmitters and receivers may be situated on the 
optical circuit board or situated off the optical circuit board. The processing elements, optical transmitters 
and receivers, and optical circuit boards may also be connected by optical fibers or waveguides. The signal 
exchange between the processing elements, optical transmitters and receivers and the optical circuit board 
is made with direct light or via an Intervening photoelectric conversion element. 

55 The signal tight and control light may be of different wavelengths. 

The present invention provides self-routing optical switches which are characterized by superimposing 
switch control light and signal light, and switching the signal light by the control light. 
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The switching of the signal light nnay be accomplished by varying the refractive index of a nonlinear 
optical waveguide by the control light. Alternatively, all or a portion of the control light is detected with a 
photoelectric conversion element, and the refractive index of the nonlinear optical waveguide is varied by 
the electrical signal therefrom. 
6 The optical switches may situated in multiple levels. 

The present invention also provides an optical memory which is characterized by switching signals to 
the memory loop end and returning them to the main line, in cases of collision of signals. 

The memory loop may be an optical waveguide or optical fiber. An optical amplifier may also be 
inserted in part or the entirety of the memory loop. 
10 Examples of the fourth aspect of the present invention will now be explained with reference to the 

attached drawings. 

Figs. 94 to 96 are illustrative views showing examples of images of introduction of optical networks to 
parallel processors. In these examples, the processing elements (PEs) are linked to the optical network, and 
the optical paths are formed in loops. In Fig. 94, for example, a multiplexing circuit, amplifying circuit and 

75 LD driver, etc. are incorporated into the interface sections, an LD, PD. filter, optical switch and tunable filter, 
etc. are incorporated into the transmitter/receiver and switch sections, and the optical power source may 
consist of a waveguide amplifier or waveguide laser or an ordinary waveguide as a photon receiver while 
the waveguide may be of the optical SMT-type. When it is attempted to accomplish the wiring of each bit 
with one optical loop, there are 8 optical loops in the case of 8 bits (Fig. 95). The number of optical loops 

20 may be reduced by multiplexing the signals by time-division, space-division or wavelength multiplexing 
(Fig. 96). Also, it is not necessary to have an optical loop corresponding to each bit. Multiplexed signals 
may be handled with either one or a plurality of loops. 

Figs. 97 to 104 are illustrative views showing examples of optical networks for 16 PEs formed in a 
Banyan network. In these examples, 16 optical loops are formed. The example in Fig. 97 has formed LD 

25 transmitters and PD receivers for each PE. The signal of each PE is transmitted as an optical signal from 
the corresponding transmitter. The signal is switched to the desired loop by a Banyan network of optical 
switches, and is converted to an electrical signal at the receiver corresponding to the desired PE and 
transmitted. 

Instead of the LD, there may be used a waveguide laser which transmits by pumping light, or a 

30 transmitter which modulates with an electrooptical switch or light modulator. Alternatively, the transmitter 
may modulate light from an LD or light introduced through a fiber, flexible waveguide or space, with an 
electrooptical switch or light modulator. This also applies to each of the examples described hereafter. 

The example shown in Rg. 98 employs as the transmitter an optical switch or modulator instead of an 
LD, whereby the light from the optical power source is picked up and an optical signal is transmitted. It is 

35 thus possible to reduce the number of LDs required. The pumping light into the optical power source may 
be introduced by an LD mounted on the board, or from the outside by a fiber, flexible waveguide or space. 
A system which introduces the light from the outside is particularly effective from the point of view of 
cooling and maintenance. The optical power source may be either in a linear or loop form. There is no 
restriction to use an optical power source system (see Japanese Patent Application No. HEI 6-500923). as 

40 the transmission may be with an optical pickup from a waveguide serving as a light reservoir, or with a 
conventional modulating system (see Japanese Unexamined Patent Publication No. 63-229427). These 
conditions also apply to each of the examples which follow. 

The optical network may take any of a variety of forms. For example, the processing elements, optical 
paths and optical transmitters and receivers may be situated on the optical circuit board. In this case, the 

45 optical paths are constructed with the waveguides as cores. In most cases the optical transmitters and 
receivers are formed on the board in a monolithic or hybrid manner. Alternatively, the processing elements 
and optical transmitters and receivers may be situated off the optical circuit board. Such a case is shown in 
Figs. 105 to 110. In this case, the processing elements and optical transmitters and receivers are connected 
to the optical circuit board via optical fibers or optical waveguides. Figs. 105. 106 and 109 are examples in 

50 which the signal exchange between the processing elements, optical transmitters and receivers and the 
optical circuit board is made with direct light. Figs. 107, 108 and 110 are examples in which the signal 
exchange between the processing elements, optical transmitters and receivers and the optical circuit board 
is made via intervening photoelectric conversion elements (E/0 or 0/E converter). 

Figs. Ill to 114 show examples wherein the signal light and control light are of different wavelengths. 
55 In Fig, 111. the data and control signal are sent by separate paths. The control signal is received at the 
receiving element on the circuit board, and data is switched in accordance therewith. In this case, the signal 
light and the control light may be of the same wavelength. In Fig. 112, the data and control signal are sent 
by the same path, and branched at a filter on the circuit board. The control signal is received at the 
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receiving element on the circuit board, and data is switclied in accordance therewith. Conversely, the output 
from the optical circuit board is subjected to E/0 conversion, and either sent to the processing element or 
sent as light. In Fig. 113, the data and control signal are sent by the same path, and signal switching is 
performed at an all-optical element on the circuit board (for example, an element such as described later 

5 with reference to Figs. 1 1 4 to 11 6). 

Figs. 114 to 118 are examples of all-optical switches. Control light (X1) and signal light (Xa) are used. 
The control light and signal light are superimposed, and the signal light is switched by the control light. In 
Fig. 116. a third-order nonlinear optical material whose refractive index changes depending on the light 
intensity is inserted near the switching sectiori, and a refractive index difference is created there by the 

10 control light, by which the light is reflected. Here, it is better that the third-order NLO material exhibits 
refractive index change by illumination of light of Xi . and that the NLD material exhibits little refractive index 
change by illumination of light of X2. In Fig. 117. control light is introduced to one arm of the nonlinear 
optical waveguide, where ^switching of the light is performed. In Fig. 118, the control light is branched and 
photoelectrically converted at a PD. etc. and the refractive index of the electrooptical substance is varied by 

75 the voltage for switching. The nonlinear optical or electrooptical material may be a polymer, compound 
semiconductor, multiquantum well (MOW) of a compound semiconductor or a dielectric such as an LN or 
the like. In the examples in Figs. 116 and 11 7. it is preferred that the nonlinear optical substance either 
react with the control light more notably than the signal light or that the control light be of stronger Intensity 
than the signal light, from the standpoint of noise reduction. By having the wavelength of the control light 

20 approach the absorption wavelength of the material, it is possible to increase the refractive index change 
due to the.control light as a result of the resonance effect. In addition, by linking the switches in levels, self- 
routing, such as a Banyan network, is made possible. Insertion of an optical amplifier is effective In cases 
where loss of the control light or signal light is a problem. 

An optical memory (Fig. 119) may be employed to switch signals to the memory loop end and return 

25 them to the main Jine. in cases of signal collision. The memory loop used may be an optical waveguide or 
optical fiber, and depehdirig on the case the memory loop may be an optical amplifier, or an optical 
amplifier may be inserted in part or the entirety thereof . 

In the examples which follow, these may be used as all-optical self-routing optical switches Instead of 
electrooptical switches. 

30 Each optica! switch of the Banyan network is either incorporated in the PE or incorporated in the board 
near the PE. or it is driven by an LSI provided near the PE. The driving LSI determines the signal switch 
route based on the signal from each PE. and turns each optical switch ON and OFF. The signal from each 
PE may also be sent electrically, and light may also be sent via an optical path other than the 16 optical 
loops. The transmitter and receiver are driven by an LSI provided in the same manner. A MUX/DEMUX 

35 circuit, amplification circuit, etc. may also be combined therewith. The optical switch may also be driven by 
the same LSI. It is possible to reduce the number of LSIs by using all-optical self-routing optical switches. 

The examples in Figs. 99 and 100 are roughly the same as Figs. 97 and 98, respectively^ with only the 
orientation of the PEs being different. - 

Figs. 101 and 102 and Figs. 103 and 104 are also roughly the same as Rgs. 97 and 98. differing only in 

40 that the size of the Banyan network is smaller and it is made to be driven by a single LSI. By replacing the 
Banyan network with an improved Batcher's-Banyan network, it is possible to reduce the frequency of data 
collision. 

Figs. 120 to 123 are examples of optical networks formed with crossbars instead of a Banyan network. 
In Figs. 120 and 121. the size of the matrix switch is large, and the driving crosspoints straddle a few LSIs. 

45 In Figs. 122 and 123. the size thereof is small, allowing driving by a single LSI. 

Figs. 124 to 133 are examples of loop-type networks for 16 PEs. In the example in Fig. 124, each PE is 
assigned a single optical loop for sending signals. Therefore, a total of 16 optical loops are necessary. The 
transmitter of each PE (LD) is linked to the corresponding optical loop. An optical switch is situated in each 
optical loop, for taking up signals from the optical loop to the PD of each PE. For example, the optical 

60 signal from PE1 travels the outermost ring. If this signal is desired by PE2, SI is activated, and the optical 
signal is taken up by the PD of PE2. The operation is similar thereafter, but the transmission and reception 
of signals may be conducted in parallel from one PE. In this case, even more loops may be placed. 

The example in Fig. 125 employs optical switches or modulators as the transmitters, and picks up light 
from each optical power source and transmits optical signals. It is thus possible to reduce the number of 

65 LDs. The pumping light from the photoelectric source may be introduced by an LD mounted on the board, 
or frorh the outside by a fiber, flexible waveguide or space. A system which introduces the light from the 
outside is particularly effective from the point of view of cooling and maintenance. In this case as well, there 
is no restriction to use the above-mentioned photoelectric system, as the transmission may be with an 



41 



EP 0 689 067 A2 



JS 



20 



optical pickup from a waveguide serving as a light reservoir, or with a conventional modulating system 
Here, the photoelectric source is drawn as a loop, but it is not necessarily restricted to be so. as it may 
have any other form such as linear, tablet, etc. (The same applies for the examples which follow). 

Each of the optical switches is either incorporated in the PE or incorporated in the board near the PE 

5 or it is driven by an LSI provided near the PE. Tlie driving LSI determines the signal switch route based on 
the signal from each PE. and turns each optical switch ON and OFF. The signal from each PE may also be 
sent electrically, and light may also be sent via an optical path other than the 16 optical loops. The 
transmitter and receiver are driven by an LSI provided in the same manner. A MUX/DEMUX circuit 
amplification circuit, etc. may also be combined therewith. The optical switch may also be driven bv the 

10 same LSI. 

In the example in Fig. 126. each PE is assigned a single optical loop for receiving signals. Therefore a 
total of 16 optical loops are necessary. The receiver of each PE (PD) is linked to the corresponding optical 
loop. An optical switch is situated in each optical loop, for sending out signals to the optical loop from the 
PD of each PE. For example, if it is desired to send a signal from PE1 to PE16. S16 of PE1 is activated, 
and the signal is sent out to the waveguide of the innermost ring and transmitted to the PD of PEie. 

The example in Fig. 127 employs optical switches or modulators as the transmitters, and picks up light 
from each optical power source and transmits optical signals. It is thus possible to reduce the number of 
LDs. The pumping light from the outside of the optical power source may be introduced by an LD mounted 
on the board, or from the outside by a fiber, flexible waveguide or space. A system which introduces the 
light from the outside is particularly effective from the point of view of cooling and maintenance. In this case 
as well, there is no restriction to use the above-mentioned photoelectric system, as the transmission may 
be with an optical pickup from a waveguide serving as a light reservoir, or with a conventional modulatina 
system. 

Each of the optical switches is either incorporated in the PE or incorporated in the board near the PE 
25 or It IS driven by an LSI provided near the PE. The driving LSI determines the signal switch route based on 
the signal from each PE. and turns each optical switch ON and OFF. The signal from each PE may also be 
sent electncally. and light may also be sent via an optical path other than the 16 optical loops. The 
transmitter and receiver are driven by an LSI provided in the same manner. A MUX/DEMUX circuit 
amplification circuit, etc. may also be combined therewith. The optical switch may also be driven bv the 
30 same LSI. 

Wavelength multiplexing is possible by preparing a plurality of transmitter wavelengths. Figs 132 and 
133 are examples wherein the systems in Figs. 126 and 127 have been wavelength-multiplexed. The optical 
signals from an LD array or optical switches with a plurality of optical power sources are merged and 
wavelength-multiplexed, and then sent out to the desired optical loop. At the receiver end the signal is 
35 branched by a filter or the like, and then transmitted to the array-form PD of each correspondinq 
wavelength. 

In the example in Rg. 128. each PE is assigned a specific wavelength. Therefore, a total of 16 
wavelengths are necessary. Basically one optical loop is sufficient. It is arranged so that transmission of 16 
wavelengths is possible from the transmitter of each PE (LD). and each wavelength is transmitted by the 
40 desired receiving-end wavelength corresponding to the filter and sent' out to the waveguide loop Filters are 
provided on the optical loop, and each filter selectively takes up signals of the wavelength corresponding to 
Its own PE. guiding them to the receiver. For example, if it is desired to transmit from PE1 to PE2 the 
transmitter of PE1 transmits by light of a.2. This is selectively taken up by the filter f2. and transferred to the 
receiver of PE2. By simultaneously sending signals of a plurality of wavelengths, it is possible to send any 
signals simultaneously to a plurality of PEs. thus increasing the freedom of the data transfer. 

The example in Rg. 129 employs optical switches or modulators as the transmitters, and picks up light 
from each optical power source and transmits optical signals. It is thus possible to reduce the number of 
LDs. The pumping light from the optical power source may be introduced by an LD mounted on the board 
or from the outside by a fiber, flexible waveguide or space. A system which introduces the light from the 
outside IS particularly effective from the point of view of cooling and maintenance. In this case as well there 
IS no restriction to use the above-mentioned photoelectric system, as the transmission may be with an 
optical pickup from a waveguide serving as a light reservoir, or with a conventional modulating system. 

The transmitters and receivers are either incorporated in the PE or incorporated in the board near the 
PE. or they are driven by LSIs provided near the PE. A MUX/DEMUX circuit, amplification circuit etc may 
55 also be combined therewith. 

In the example in Rg. 134. each PE is assigned a specific wavelength. Basically one optical loop is 
sufficient. The optical signal of the assigned wavelength from the transmitter (LD) of each PE is transmitted 
and sent out to the optical loop. Tunable filters are situated in the optical loop to correspond to each PE. 
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and electrical tuning is performed to take up the wavelength of the desired transnnitting end. For example, if 

it is desired to receive a signal from PE1 at PE2. the latter is tuned to the wavelength of the u>^ light 

transmitted from the transmitter of PEl. which is taken up by the receiver. 

The example in Fig. 135 employs optical switches or modulators as the transmitters, and picks up light 
5 from each optical power source and transmits optical signals. It is thus possible to reduce the number of 

LDs. The pumped light from the optical power source may be introduced by an LD mounted on the board. 

or from the outside by a fiber, flexible waveguide or space. A system which introduces the light from the 

outside is particularly effective from the point of view of cooling and maintenance. In this case as well, there 

is no restriction to use a photoelectric system, as the transmission may be with an optical pickup from a 
10 waveguide serving as a light reservoir, or with a conventional modulating system. 

The transmitters and receivers are either incorporated in the PE or incorporated in the board near the 

PE, or they are driven by LSIs provided near the PE. A MUX'DEMUX circuit, amplification circuit, etc. may 

also be combined therewith. 

In these examples, filter arrays or branching filters may be used instead of tunable filters, and the 
15 signals may be guided to receiving element arrays situated to correspond to each signal wavelength (Figs, 

136 and 137). In this case, each branching filter or filter array is preferably made to take up a portion of 

''^^*Figs. 130 and 131 are examples wherein the plurality of light sources in Figs. 128 and 129 have been 
replaced with a tunable LD and a tunable filter, respectively, to reduce the number of light sources. 
20 Figs 138 and 139 are examples of light networks which employ a tunable LD and tunable filter. A 
tunable waveguide laser may be used instead of the tunable LD. Each PE is normally tuned to its own 
assigned frequency. When the header comes it recognizes the transmitting end and is tuned to that 
corresponding wavelength. When reception is complete it is returned to its own wavelength. During the data 
reception, other data are automatically refused. Therefore, when the transmitting end has its own signal 
25 return from the loop, it recognizes it and retransmits it. Once it is stored in the memory such as an optical 
memory loop, it may be sent again. 

Furthermore, in order to reduce crosstalk, a unique wavelength may be assigned to the header, in this 
case each PE is normally tuned to the wavelength of the header. When the header signal enters, it 
recognizes where the signal is from and where it is headed, and if the signal is for itself it is tuned to the 
wavelength of the transmitting light to take up the data. After completion, it returns to the header 
wavelength. Alternatively, in cases where it sends the signal wavelength at the wavelength of the receiving 
end, it is tuned to its own wavelength when taking up the data. 

All or a portion of the electrooptical switches, light modulators or tunable filters are selected from 
common second-order or third-order organic nonlinear optical materials, for example, electrooptical poly- 
mers conjugated polymers, nonlinear optical glass, semiconductors and the like, which have been made 
into dads and/or waveguides. The materials may be partially different. When a voltage occurs at the 
electrodes, a portion or virtually all of the light being supplied is either reflected or moves through the 
waveguides, is picked up at the signal-transmitting waveguide, and is transmitted. The optical switches used 
here may be conventional directional coupling switches, but they are preferably light modulator/optical 
40 switches which create a refractive index difference in or near the optical waveguide by voltage application, 
and operate utilizing the resulting light reflection, or light modulator/optical switches which open a refractive 
index window in the clad by voltage application, and operate utilizing the resulting light leakage. Since the 
pickup volume is modulated by the voltage, the output voltage becomes the optical signal. 

There is no need for the entire waveguide to be made of the nonlinear optical material, as the nonlinear 
45 optical material may be used for the switch section only. In such a case, for example, polyimide fluoride, 
glass, or the like may be used as a passive waveguide. Here, an output electrode and input electrode are 
not necessarily required, and the voltage of the transistor may be applied directly to the waveguide, or the 
receiving-end transistor may be driven by the very charge produced at the receiving element. 

The optical power source used may be, for example, a waveguide laser/amplifier comprising rare earth 
50 metal ion-doped glass, polymer or ceramic. The optical power source and signal waveguide do not 
necessarily have to be layered, as they may be on the same plane. Also, the signal may pass through not 
only the optical waveguide, but also a space, medium space or fiber. Depending on the case, it may also 
be picked up from a waveguide passing through DC laser light, but then it is impossible to avoid the 
disadvantage of loss of light amount as the signal travels downstream. Consequently, methods using 
65 photoelectric sources are much superior. In addition, it is possible to form a tunable transmitter by 
combining a nonlinear optical element and a waveguide laser. That is. a compound eletnent consisting of a 
second-order or third-order nonlinear optical material and rare earth metal ion-doped glass or the like. 
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^ ►.L'r^"""^ ^ ""^^ ^ ^^f°"9^^ waveguide. Photodiodes. phototransistors 

and MSM detectors, etc. nnade of a-Si. poly SI and conjugated polymers are suitable. The receiving 
element is not limited to the type mentioned above, as it may be formed in the top or the bottom of the 
waveguide, to absorb light from the waveguide. Furthermore, light may be received by forming a PD in the 
LSI or onto the optical circuit board. In this case, a detector made of a compound of Si or a family III 
element with a family V element. The coupling with the waveguide may be also be accomplished by a 
method of direct introduction from a waveguide using a hologram, diffraction grating, slope reflection, or the 
like. Light may also be introduced using a hologram optical element (HOE) or optical solder or SOLNET 

The luminescent element may be, in addition to an LD. an EL. LED or the like. Organic ELs and LEDs 
using polymers and low molecular weight crystals are particularly suitable to be built into the circuit board 
The luminescent element may be formed by cutting through the waveguide, or it may be formed at the top 
or bottom of the waveguide to introduce light Into the waveguide. In cases where a temperature 
semiconductor is used on the board, the luminescent element may be built-in. 

The LD or PD may be mounted on the board in advance by a soldering bump or the like. Furthermore 
a sub-board with the LD or PD formed or mounted thereon may be provided. Combinations of these types 
are also acceptable. 

The excitation of the optical power source may be accomplished using light from an LD mounted on the 
optical circuit board. Alternative methods which may be used include a method of Introducing light from a 
fiber rom the outside via a connector, a method of introducing light via a light tab from the waveguide of a 
circuit board mounted on the optical circuit board, and a method of directly introducing light by using a 
hologram, diffraction grating or slope reflection from a waveguide on the circuit board. The light may also 
be infroduced using an HOE or optical solder from the surface side of the optical circuit board. Introduction 
of light from the outs.de may be said to be a superior method since a heating source is externally attached, 
which IS effective to reduce heat release from the LSI and helps facilitate replacement 

In cases where a polymer material Is used, a vapor film formed by evaporation polymerization. CVD 
(Chemical Vapor Deposition). MLD (Molecular Layer Deposition) or the like Is effective, as is the wet 

oo«Vo ^ ^''^"'P'e. the method described in Japanese Patent Application No. 6- 

82642 may be used. 

As mentioned above. In the fourth aspect, the present invention Is aimed at increasing the connectivity 
between all types of optical/electronic elements and optical/electronic apparatuses, including parallel 
processors, while reducing their size and cost. Furthermore, although the examples described above 
concerned connection between PEs. it is to be understood that the present invention may be applied to 
connection between all types of optical/electronic elements and optical/electronic apparatuses, including 
LSIs, microprocessors, processing elements (PEs). MCMs. workstations, personal computers and the like 
irrespective of their level or type. In addition, it may also be applied to other communication information 
processing systems, such as optical switchers. 



Claims 



5. 



A method of producing an optical waveguide, characterized by irradiating, on a photorefractive material 
whose refractive index changes with light irradiation, light of a wavelength which changes its refractive 
index, and forming an optical waveguide or refractive index distribution while inducing self-focusing. 

The method of claim 1 which employs a photorefractive material whose change in the refractive index 
is saturated at a certain degree of refractive index change. 

The method of claim 1 wherein the photorefractive material absorbs writing light or a component in the 
photorefractive material absorbs writing light, and the writing light creates the refractive Index change 
while Its degree of absorption is reduced. 

A method of producing an optical waveguide, characterized by irradiating, on a photosensitive material 
whose refractive index changes and which Is insolubillzed with light irradiation, light of a wavelength 
which changes its refractive Index and Insolubllizes the material, and forming an optical waveguide or 
refractive index distribution while Inducing self-focusing and insolubilizing the photosensitive material. 

The method of claim 4 which employs a photosensitive material whose change in the refractive index is 
saturated at a certain degree of refractive index change. 
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lowering its amount of absorption. 
7. The method of any of claims 1 to 6. wherein a plurality of light beams are emitted from a plurality of 
light sources either simultaneously or at different times. 

a. TH, .e^. o. c,.i. 7. ^»^™ -^^^^ 

refractive index changes caused by light from eacr\ iigni soui^^ o 

other. 

The o, 7. »Ke,* - -^™rjp° ^^^^^^^^ 

refractive index changes caused by light emitted from eacn opiicai 

on each other. 

10. An optical coupling method, characterized by situating a photorefractive -f^;if ' J ^^^^^^^^ 
changes with Ughl irradiation in the entirety or part of the area between J P'^^f '''y 

devices. 

11. The method of claim 10 which employs a photorefractive material whose change In the refractive index 
is saturated at a certain degree of refractive index change. 

while its degree of absorption Is reduced. 

13. The method of any of claims 10 to 12 wherein, when the light of a wavelength which f a^aes the 
Srac« rtndex o? said photorefractive material is irradiated from the two or more op^al dev.ces to 
^r^ Twaveguide or refractive index distribution, at least two optical devices are provided such an 
orntatirthat lhe refractive index changes produced by light from each dev.ce exert an add.t.onal 

influence on each other. 

14. An optical coupling method, characterized by situating a Photosensitive rnatenal -^os^ ^fracth^^^^^^^^ 
channes and which is insolubilized with light irradiation, in the entirety or part of the area between a 
Sty oToptical devices, irradiating the photosensitive material with light from one or a p^ura of 
oDt ca devices of a wavelength at which its refractive index changes and the material is "solubHized 
SS ulinrthe optical waveguide or refractive index distribution formed while inducing self- focusing and 
rnsoluSrg the photosen^tive material, to accomplish optical coupling between the optical dev,ces. 

15. The method of claim 14 which employs a photosensitive material whose change in the refractive index 
is saturated at a certain degree of refractive index change. 

16 The method of claim 14 wherein the photosensitive material absorbs writing light or a component in the 
Jhrsensre material absorbs writing light, and the writing light forms the optical waveguide or 
refractive index distribution while its degree of absorption is reduced. 

17 Th« method of anv of claims 14 to 16 wherein, when the light of a wavelength sensed by said 
p o^orsSlieVaJe^iaT from the two or ^ore optica, f^'^^^}^ l^'l^^ZX^ 
refractive index distribution, at least two optical devices are provided in such an onentation that the 
refractive index changes produced by light from each device exert an additional influence on each 
other. 

-rr, ..hnH nf «nv of claims 9 to 17 wherein the optical device is selected from optical waveguides. 
Z^rZ:: Z:LtZ"l^^^^ Slodes. photod.odes. .enses. holograms, prisms, 

mirrors, pinholes, slits and gratings. 
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19. The method of any of claims l to 18. wherein a mirror, grating, hologram prism lens ootical 
Sng^T^alr"' ^"^^^^ ^""-^ - .aast%. of^he .^Sn'thrgh' 



20. 



21. 



22 



The method of any of claims 4 to 6 or 14 to 17. wherein after light irradiation the soluble portion of the 
material .s removed by development to form a waveguide or refractive index distribution pattern 

ll^oarted'to tlThof ""v ' '° ^""^^ '"^^'^ distribution and/or pattern is 

tmparted to the photorefractive material or photosensitive material, said material is cured bv liaht 
irradiation and/or heating for stabilization and/or inactivation. ^ ^ 

^Lh!!?, °' °' T""^ ' *° photorefractive material or photosensitive material 

comprises an organic polymer, oligomer and/or monomer. matenai 

Z^osenl:';:::' ^ *° P^^otoretractive material or photosensitive materia, is 

24. The method of any of claims 4 to 6. 14 to 17 or 20 to 23. wherein after the pattern is imoarted to the 
photosensitive material, the cavity sections are covered by another material. 

mir*^°'^H°I ' *° "9"^* "^^-^ '^^^diation on the photorefractive 

matenai or photosensitive material is light generated by the optical device itself. P"°t°^efractive 

mlrTJ*^r°'^K°I ^"^ °J *° "9^^* for irradiation on the photorefractive 

matenai or photosensitive material is light introduced to the optical device from the outside. 

mlrT^tor^l^! ^"^ ? ' *° "9^* '^^^diation on the photorefractive 

materT^Tohotri.? """"f ' i*° f ' ''^^ "^^^ "^^^ °" «he photorefractive 

trxTdSr:teits^^ ^^-^^^^^^^ '"^'^^ '-•^'^f- "o^* on 

So'Illforblna/emitf n Tl" " ^^'^^^^^ ^^^"^ substances, two- 

f^T f^°'^"^3/em,nmg substances, up-conversion substances and SHG (second harmonic aenera- 

LlLTytgr'- " ''''' *° ''^^ " ^" "P"'^^' luminescence is pr^duSS Ty 

'° m^erTJoTohlJ^L? ""T 'i *° "^'^^ "^^^ '^^^'^'^t'^" °" '^^e photorefractive 

T '""^'"sscence produced by excitatory light from the optical device 

sub t.tt ' '"''''""''^ fluorescent substances, two photon absorCg/emitt nq 

substances, up-convers.on substances and SHG substances to part or all of said material ^ 

irradiTtt^rfn ^r^I ""'TV '° ^° ''"""9 '=°"P""9 ''^^^^^'^ LD/fibers or waveguide, the light 

i nh? ?mt *'^^P^°♦°''«f'■^^t•^e material or photosensitive material is selectively reflected from the fo 
l.ght em.tt.ng reg.on of the LD end surface or a roughly equivalent region, and wavegu de fSmation or 
waveguide coupling is accomplished by interaction between the propagated light and 

U'nhntf V ^ '^"'^"^^ ""^ "9»^* '^^^'^'ated on the photorefractive material 

:STe::ZZ " '""^^^ ^"^'^"9 -9'- ♦''^ or aToughly 
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34. The method of claim 31. wherein a microlens is formed at the end surface of the fibers or waveguide or 

in its vicinity. 

35. The method of claim 31. wherein the end surface of the fibers or waveguide or its vicinity has a platelet 
s shape. 

36. A bend waveguide prepared by the method described in any of claims 1 to 35. 

37. A space beam coupler prepared by the method described in any of claims 1 to 35. 

38. A Z-axis waveguide prepared by the method described in any of claims 1 to 35. 

39. A waveguide/fiber coupler prepared by the method described in any of claims 1 to 35. 

,5 40. An LD/fiber or LD/waveguide coupler prepared by the method described in any of claims 1 to 35. 

41. An optical SMT prepared by the method described in any of claims 1 to 35. 

42. A branch waveguide prepared by the method described in any of claims 1 to 35. 
^° 43. A star coupler prepared by the method described in any of claims 1 to 35. 

44. A cross waveguide prepared by the method described in any of claims 1 to 35. 
25 45. A space waveguide prepared by the method described in any of claims 1 to 35. 

46. A wavelength filter prepared by the method described in any of claims 1 to 35. 

47. A mode converter prepared by the method described in any of claims 1 to 35. 

'° 48 A method of producing an optical device, characterized by in-adiating light on a 

whosTSracL index changes with light irradiation, and forming a refractive mdex d.stnbut.on wh.le 

inducing self-focusing. 

« 49 The method of claim 48. wherein the photorefractive material produces a refractive index change by 
lupelpSng light of 2 or more wavelengths which is larger than the sum ^[^f f^J^^ "f^ 
chanaes Droduced by the light of each wavelength alone, and upon superimposing the light o 2 or 
more'waveC^^^^ ^^9'°" '"^'"^'"^ °* supenmpcsition of 

the light. 

50 A method of producing an optical device, characterized in that the photorefractive "^^terial produces a 
TeflTcSe index change by superimposing light of 2 or more wavelengths which ,s larger than the sum 
Tthe ref active S produced by the light of each wavelength alone, and upon supenm- 
po^g t^elSht ol 2^^^ morelavelengths an optical device is formed in the region including the section 

45 of superimposition of the light 

51 A method of oroducing an optical device, characterized by irradiating light on a photosensitive material 
losTrefraltL indT and which is cured and insolubilized with light irradiation and forming a 
Tefractive Ind^^^^^^^^^ while Inducing self-focusing and inso.ubilizing the photosensitive matenal. 



50 



52 The method of claim 51. wherein the photosensitive material produces a refractive index dange by 
LperTmpolg light of 2 or more wavelengths which is larger than the sum ^V^^^^l^f J^J;'^ '"f^^ 
chames produced by the light of each wavelength alone, and upon supenmposing the light of 2 o 
IrTwavelengths an optical device is formed in the region including the section of supenmposition of 



55 the light. 



53 A method of producing an optical device, characterized in that the photosensitive material produces a 
Tefrcte iniex Change by superimposing light of 2 or more wavelengths which is larger than the sum 
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»TL? r,*" """^^ produced by the llghi of each ^avetengtn alone, and uoon suoerin, 



75 



59. The n,e»ied of any o, ofarms 48 (o 58. wherein the oplical device is an opScai waveguide. 

61. An optical device obtained by the method described in any of claims 48 to 58. 

62. The optical device of claim 61 , which is an optical waveguide. 

p'Tn^rind^^r °' '^'^"^ ^^-^^'^^ P^'-- gratings, mirrors. 
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66. The method of claim 64 or claim 65 wherein, when the light is irradiated from the two or more optical 
devices to form a waveguide or refractive Index distribution, at least two optical devices are provided in 
such an orientation that the refractive index changes produced by light from each light source exert an 
additional influence on each other, and at least one of these optical devices emits light of a different 

5 wavelength than the other optical devices, to form an optical waveguide or refractive index distribution 

connecting the optical devices for optical coupling. 

67. The method of any of claims 64 to 66, wherein the light of at least one wavelength is spot light, 
patterned light or unpatterned light irradiated from outside the material. 

10 

68. The method of claim 67, wherein the spot light, patterned light or unpatterned light irradiated from 
outside the material is moved. 

69. The method of any of claims 64 to 68, wherein the optical device is selected from optical waveguides, 
75 optical fibers, semiconductor lasers, light-emitting diodes, photodiodes, lenses, holograms, prisms, 

gratings, mirrors, pinholes and slits. 

70. The method of any of claims 48 to 60 or 64 to 69, wherein the photorefractive material or 
photosensitive material contains a substance which is excited to an excitation state by the light of one 

20 wavelength and then further excited from that state to another state by light of another wavelength, and 
a reaction occurs due to the substance. 

71. The method of any of claims 48 to 60 or 64 to 69, wherein the photorefractive material or 
photosensitive material contains a substance which is excited to an excitation state by the light of one 

25 wavelength and transferred from that state to another state, and then further excited to another state by 
light of another wavelength, and a reaction occurs due to the substance. 

72. The method of claim 70 or claim 71 , wherein the substance is a complex of two or more molecules. 

30 73. The method of claim 72, wherein at least one of the molecules is an electron donor, and at least one of 
the others is an electron acceptor. 

74, The method of any of claims 48 to 60 or 64 to 73, wherein the two wavelengths are identical. 

35 75. The method of any of claims 48 to 60 or 64 to 74, wherein the light used is of a wavelength in a wide 
wavelength band. 

76. The method of any of claims 48 to 60 or 64 to 74, wherein a mirror, grating, hologram, prism, lens, 
optical waveguide, pinhole, optical fiber or slit is situated in the entirety or at least part of the region 

40 through which the light passes. 

77. The method of claim 51, 52 or 65, wherein the optical waveguide is formed in the region including the 
section of superimposttion of the light where the soluble portion is removed by development. 

45 78. The method of any of claims 48 to 60 or 64 to 77, wherein after the refractive index distribution and/or 
pattern is imparted to the photorefractive material or photosensitive material, said material is cured by 
light irradiation and/or heating for stabilization and/or inactivation. 

79. The method of any of claims 48 to 60 or 64 to 78. wherein the photorefractive material or 
50 photosensitive material comprises an organic polymer, oligomer and/or monomer, 

80. The method of any of claims 48 to 60 or 64 to 79, wherein the photorefractive material or 
photosensitive material is photosensitive glass. 

55 81. The method of any of claims 51, 52, 65 or 77 to 80, wherein after the pattern is imparted to the 
photosensitive material, the cavity sections are covered by another material. 

82. A bend waveguide prepared by the method described in any of claims 48 to 60 or 64 to 80. 

49 
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83, A space beam coupler prepared by the method described in any of claims 48 to 60 or 64 to 80, 

84. A 2-axis waveguide prepared by the method described in any of claims 48 to 60 or 64 to 80. 
5 85. An LD coupler prepared by the method described in any of claims 48 to 60 or 64 to 80. 

86. An optical SMT prepared by the method described in any of claims 48 to 60 or 64 to 80. 

87. A branch waveguide prepared by the method described in any of claims 48 to 60 or 64 to 80. 

10 

88. A star coupler prepared by the method described In any of claims 48 to 60 or 64 to 80. 

89. A cross waveguide prepared by the method described in any of claims 48 to 60 or 64 to 80. 
15 90. A space waveguide prepared by the method described in any of claims 48 to 60 or 64 to 80. 

91. A wavelength filter prepared by the method described in any of claims 48 to 60 or 64 to 80. 

92. A mode converter prepared by the method described in any of claims 48 to 60 or 64 to 80. 

20 ^ 

93. the method of any of claims 48 to 60 or 64 to 81. wherein the light used for irradiation on the 
photorefractive material or photosensitive material is light generated by the optical device itself. 

94. The method of any of claims 48 to 60 or 64 to 81. wherein the light used for irradiation on the 
25 photorefractive material or photosensitive material is light introduced to the optical device from the 

outside. 

95. The method of any of claims 48 to 60 or 64 to 81, wherein the light used for irradiation on the 
photorefractive material or photosensitive material is light generated inside the optical device by light 

30 introduced to the optical device from the outside. 

96. The method of any of claims 48 to 60 or 64 to 81, wherein the light used for irradiation on the 
photorefractive material or photosensitive material is light generated inside the optical device by 
irradiation of light on the optical device from the outside. 

35 

97. The method of any of claims 48 to 60 or 64 to 81, wherein the light used for irradiation on the 
photorefractive material or photosensitive material is a plurality of different light selected from the light 
described in claims 93 to 96. 

40 98. The method of claim 48 to 60 or 64 to 81 , wherein a substance selected from fluorescent substances, 
two-photon absorbing/emitting substances, up-conversion substances and SHG substances, is added to 
part or all of the optical device, and luminescence is produced by excitatory light. 

99. The method of any of claims 48 to 60 or 64 to 81 . wherein excitatory light is irradiated on part or all of 
45 the optical device. 

100. The method of any of claims 48 to 60 or 64 to 81. wherein the light used for irradiation on the 
photorefractive material or photosensitive material is luminescence produced by excitatory light from 
the optical device, after addition of a substance selected from fluorescent substances, two-photon 

50 absorbing/emitting substances, up-conversion substances and SHG substances to part or all of said 
material. 

101. The method of any of claims 48 to 60 or 64 to 81 wherein, during coupling between the LD/fibers or 
waveguide, the light irradiated on the photorefractive material or photosensitive material is emitted light 

55 from the fibers or optical waveguide and reflected light selectively reflected from the LD light emitting 

region of the LD or a roughly equivalent region due to the light irradiation. 
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102. The method of claim 101. wherein a reflective film against light Irradiated on the photorefractive 
material or photosensitive material is formed in the LD light emitting region of the LD end surface or a 
roughly equivalent region. 

5 103. The method of claim 101, wherein an absorbing film for light irradiated on the photorefractive material 
or photosensitive material is formed in the region surrounding the LD light emitting region of the LD end 
surface or a roughly equivalent region. 

104. The method of claim 101. wherein a microlens is formed at the end surface of the fibers or waveguide 
70 or in its vicinity. 

105. The method of claim 101. wherein the end surface of the fibers or waveguide or its vicinity has a 
platelet shape. 

75 lOe.The method of any of claims 48 to 60 or 64 to 81 wherein, during coupling between the LD/fibers or 
waveguide, the light irradiated on the photorefractive material or photosensitive material is emitted light 
from the fibers or optical waveguide and radiant light selectively luminesced from the LD light emitting 
region of the LD or a roughly equivalent region due to the light irradiation. 

20 107. The method of claim 106. wherein the light emitted from the fibers or optical waveguide is light of a 
wavelength selected from 2 or more wavelengths which are superimposed to form an optical 
waveguide, refractive index distribution or optical coupling, and the luminesced radiant light is light of 
another wavelength selected from 2 or more wavelengths which are superimposed to form an optical 
waveguide, refractive index distribution or optical coupling. 

25 

108. The method of any of claims 48 to 60 or 64 to 81 wherein, during coupling between the LD/fibers or 
waveguide, the light irradiated on the photorefractive material or photosensitive material is emitted light 
from the fibers or optical waveguide and radiant light selectively luminesced from the LD light emitting 
region of the LD or a roughly equivalent region due to light irradiation from the outside. 

30 

109. The method of claim 108, wherein the light emitted from the fibers or optical waveguide is light of a 
wavelength selected from 2 or more wavelengths which are superimposed to form an optical 
waveguide, refractive index distribution or optical coupling, and the luminesced radiant light is light of 
another wavelength selected from 2 or more wavelengths which are superimposed to form an optical 

35 waveguide, refractive index distribution or optical coupling. 

110. The method of claim 108. wherein the light emitted from the fibers or optical waveguide and the 
luminesced • radiant light is light of a wavelength selected from 2 or more wavelengths which are 
superimposed to form an optical waveguide, refractive index distribution or optical coupling, and the 

40 light from outside is light of another wavelength selected from 2 or more wavelengths which are 
superimposed to form an optical waveguide, refractive index distribution or optical coupling. 

IH.The method of any of claims 48 to 60 or 64 to 81 wherein, during coupling between the LD/fibers or 
waveguide, the light irradiated on the photorefractive material or photosensitive material is radiant light 
45 selectively luminesced from the LD light emitting region of the LD or a roughly equivalent region due to 
light irradiation from the outside and radiant light selectively luminesced from the fibers, the optical 
waveguide fibers, the optical waveguide light-emitting region or a roughly equivalent region, due to light 
irradiation from the outside. 

50 11 2, The method of claim 111, wherein one of the luminesced radiant lights is light of a wavelength selected 
'from 2 or more wavelengths which are superimposed to form an optical waveguide, refractive index 
distribution or optical coupling, and the other luminesced radiant light is light of another wavelength 
selected from 2 or more wavelengths which are superimposed to form an optical waveguide, refractive 
index distribution or optical coupling. 

55 

113. The method of claim 111. wherein the luminesced radiant light is light of a wavelength selected from 2 
or more wavelengths which are superimposed to form an optical waveguide, refractive index distribution 
or optical coupling, and the light from outside is light of another wavelength selected from 2 or more 
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wavelengths which are superimposed to form an optical waveguide, refractive index distribution or 
optical coupling. 

114. The method of any of claims 106 to 113. wherein the film comprising a material which luminesces upon 
light irradiation is formed in the LD light emitting region of the LD or a roughly equivalent region. 

115. The method of any of claims 106 to 113. wherein the emitted light or outside light contains light of a 
wavelength selected from 2 or more wavelengths which are superimposed to form an optical 
waveguide, refractive Index distribution or optical coupling, and light of a wavelength" which excites 
luminescent radiant light. 

116. The method of any of claims 106 to 115. wherein a microlens is formed at the end surface of the fibers 
or waveguide or in its vicinity. 

117. The method of any of claims 106 to 115. wherein the end surface of the fibers or waveguide or its 
vicinity has a platelet shape. 

118. The method of any of claims 1 to 117 wherein, during coupling of the LD and the other optical device, 
the writing light from the LD Is monitored through an optical device, and the writing time Is controlled. 

119. A self-aligned optical coupling method, characterized by being a self-aligned optical coupling for 
coupling of optical devices by situating a photorefractive material in the entirety or part of the area 
between a plurality of optical devices and irradiating the photorefractive material with light from the 
plurality of optical devices to impart a refractive index distribution, whereby the emitted light from one 
of the devices is drawn by the refractive index distribution formed by emitted light from another of the 
devices, and this forms a refractive index distribution to form a coupling path between the devices. 

120. The method of claim 119. wherein one of the devices is an LD. 

121 .An optical coupling method, characterized by being an optical coupling for coupling of optical devices 
by situating a photorefractive material in the entirety or part of the area between a plurality of optical 
devices and irradiating the photorefractive material with light from the optical devices to impart a 
refractive index distribution, whereby a refractive index distribution is formed by emitted light from a 
device with a small mode field size at the emitting end to form optical coupling between the devices. 

122. The method of claim 121, wherein the device with a small mode field size at the emitting end is an LD. 

123. An optical coupling method, characterized by being an optical coupling for coupling of optical devices 
by situating a photorefractive material in the entirety or part of the area between a plurality of optical 
devices and irradiating the photorefractive material with light from the optical devices to impart a 
refractive index distribution, whereby a refractive index distribution is formed by emitted light from a 
device with a small mode field size owing to a self-focusing effect of the emitted light 

124. The method of claim 123, wherein one of the devices is an LD. waveguide or optical fiber. 

125. An optical coupling method, characterized by being an optical coupling for coupling of optical devices 
by situating a photorefractive material in the entirety or part of the area between a plurality of optical 
devices and irradiating the photorefractive material with light from the plurality of optical devices to 
impart a refractive index distribution, whereby the wavelengths of emitted light of at least 2 or more of 
tfie optical devices are different 

126. The method of claim 125. wherein a fluorescent substance is situated at or near the light-emitting end 
of one of the devices, and fluorescent light is generated by light from another optical device. 

127. The method of claim 125. wherein all of the wavelengths of the emitted light of differing wavelength are 
in the sensitivity range of a sensitizing agent. 
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128.The method of claim 125. wherein at least one of the wavelengths of the emitted light of the differing 
wavelength is in the sensitivity range of a sensitizing agent, and the other wavelengths are outside the 
sensitivity range of the sensitizing agent. 

5 129. An optical coupling method, characterized by being an optical coupling for coupling of optical devices 
by situating a photosensitive material in the entirety or part of the area between a plurality of optical 
devices and irradiating the photosensitive material with light from the plurality of optical devices to 
impart a refractive index distribution, whereby the emitted light from one of the devices is drawn by the 
refractive index distribution formed by emitted light from another of the devices, and this forms a 

10 refractive index distribution to form a coupling path between the devices. 

130- The method of claim 129, wherein one of the devices is an LD, 

131. An optical coupling method, characterized by being an optical coupling for coupling of optical devices 
15 by situating a photosensitive material in the entirety or part of the area between a plurality of optical 

devices and irradiating the photosensitive material with light from the optical devices to impart a 
refractive index distribution, whereby a refractive index distribution Is formed by emitted light from a 
device with a small mode field size at the emitting end to form optical coupling between the devices. 

20 132. The method of claim 131, wherein the device with a small mode field size at the emitting end is an LD. 

133. A self-aligned optical coupling method, characterized by being a self-aligned optical coupling for 
coupling of optical devices by situating a photosensitive material in the entirety or part of the area 
between a plurality of optical devices and Irradiating the photosensitive material with light from the 

25 plurality of optical devices to impart a refractive Index distribution, whereby the wavelengths of emitted 
light of at least 2 or more of the optical devices are different 

134. The method of claim 133, wherein a fluorescent substance is situated at or near the light-emitting end 
of one of the devices, and fluorescent light is generated by light from another optical device. 

30 

135. The method of claim 133. wherein all of the wavelengths of the emitted light of differing wavelength are 
In the sensitivity range of a sensitizing agent. 

136. The method of claim 133. wherein at least one of the wavelengths of the emitted light of differing 
35 wavelengths Is in the sensitivity range of a sensitizing agent, and the other wavelengths are outside the 

sensitivity range of the sensitizing agent. 

137. The method of any of claims 119 to 136, wherein each of the lights is emitted simultaneously or 
alternately. 

40 

138. The method of any of claims 119 to 137. wherein the optical device is selected from optical 
waveguides, optical fibers, semiconductor lasers, light-emitting diodes, photodiodes, lenses, holograms, 
prisms, gratings, mirrors, pinholes and slits. 

45 139. The method of any of claims 119 to 138. wherein a mirror, grating, hologram, prism, lens, optical 
waveguide, pinhole or slit Is situated in the entirety or at least part of the region through which the light 
passes. 

140. The method of any of claims 129 to 136, wherein after light irradiation the soluble portion of the 
50 material is removed. 

141. A method for writing a refractive index distribution by light, characterized by subjecting the writing light 
to intensity modulation upon the writing of the refractive index distribution. 

55 142. An optical device formed by providing a photorefractive material on all area of the optical device or a 
partial area thereof including a light-emitting end and causing a change of refractive index of the 
photorefractive material by light emitted from an emitting end of the optical device. 
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143. An optical device formed by providing a photosensitive nnaterlal on alt area of the optical device or a 
partial area thereof including a light-emitting end and exposing the photosensitive material to light 
emitted from an emitting end of the optical device. 

5 144.An optical device according to claim 142 or 143, wherein the optical device is an LD, waveguide or 
optical fiber. 

145. An optical coupling method, characterized by providing a photorefractive material on all area of the 
optical device or a partial area thereof including a light-emitting end and forming a refractive index 

10 distribution in the photorefractive material by light emitted from an emitting end of the optical device 
owing to a self-focusing effect of the emitted light. 

146. An optical coupling method, characterized by providing a photosensitive material on all area of the 
optical device or a partial area thereof including a light-emitting end and forming a refractive index 

75 distribution in the photosensitive material by light emitted from an emitting end of the optical device 

owing to a self-focusing effect of the emitted light. 

147. The method of claim 145 or 146, wherein the optical device is an LD. waveguide or optical fiber. 

20 148. An optical coupling module, characterized by providing a photorefractive material on all area of a 
plurality of optical devices or a partial area thereof including light-emitting ends and forming a refractive 
index distribution in the photorefractive material by light emitted from an emitting end of the optical 
device owing to a self-focusing effect of the emitted light. 

25 149. An optical coupling module, characterized by providing a photosensitive material on all area of a 
plurality of optical devices or a partial area thereof including a light-emitting end and forming a 
refractive index distribution in the photosensitive material by light emitted from an emitting end of the 
optical device owing to a self-focusing effect of the emitted light. 

30 150. An optical coupling module according to claim 148 or 149, wherein the optical devices are an LD and a 
waveguide or optical fiber. 

151. An optical coupling module according to claim 148 or 149. wherein the optical devices are a PD and a 
waveguide or optical fiber, or a waveguide and an optical fiber. 

55 

152. An optical coupling module according to claim 148 or 149. wherein the optical devices are fixed onto a 
substrate worked to form raised portions. 

153. A non-linear optical material comprising a multi-layer film containing an amorphous or polycrystalline or 
40 single crystalline inorganic substance: wherein, centro-symmetry in the direction of film thickness is 

eliminated by laminating different substances, centro-symmetry Is eliminated by changing the composi- 
tion of the same type of substance, changing the type of doping substance and/or amount of doping, or 
changing layer thickness and/or the amount of doping, or centro-symmetry Is eliminated by combining 
either of the above two methods. 

45 

154. A non-linear optical material as set forth in claim 153 wherein the multi-layer tilm has for its main 
component a material selected from the group consisting of a-Si:H, a-SINy, a-SiOx. a-SiCz and a-Ge:W. 
or a mixed compound of two or more types of said materials. 

50 1 55. A non-linear optical material as set forth in claim 153 wherein the multi-layer film has for its main 
component a transition metal compound. 

156. A non-linear optical material as set forth in claim 153 wherein the multi-layer film has for its main 
component a glass material. 

55 

157. A non-linear optical material as set forth in any of claims 153-156 wherein the multi-layer film contains 
rare earth ions. 
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158 A non-line^ optical material comprising a multi-layer film containing an organic crystal material, an 
amorphous material, a polycrystalline material or a single crystal material; wherein, centro-symmetry m 
Te direct on of film tfSckness is eliminated by laminating different substances. -"tr°-symmetry 
eliminated by changing the composition of the same type of substance, changmg type of dopmg 
substance and/or amount of doping, or changing layer thickness and/or the amount of doping, or 
centro-symmetry is eliminated by combining either of the above two methods. 

159. A non-linear optical material as set forth in claim 158 wherein the multi-layer film has for its main 
component an organic polymer. 

160. A non-linear optical material as set forth in either of claims 158 or 159 wherein the multi-layer film 
contains rare earth ions and/or molecules containing rare earth ions. 

161. A non-linear optical material as set forth in any of claims 153-180 wherein the multi-layer film contains 
a single atomic or single molecular layer. 

162. A non-linear optical material as set forth in any of claims 153-160 wherein the multi-layer film contains 
a layer having a thickness of 10 X or less. 

163. A non-linear optical material as set forth In any of claims 153-160 wherein the laminated structure is 
cyclical. 

164. A non-linear optical material wherein rare earth ions or molecules containing rare earth ions are 
contained In a non-linear optical polymer. 

165. A non-linear optical material as set forth in any of claims 153-164 wherein the film is formed by vapor 
phase deposition. 

166. A non-linear optical material as set forth in any of claims 158-165 wherein the film is fo^^^^^^ by a 
technique selected from the group consisting of deposition polymenzation. CVD. MLD and MBD. 

167. A non-linear optical device using the material as set forth in any of claims 153-166. 

168. A non-linear optical amplifier using the material as set forth in any of claims 153-166. 

169. A non-linear optical waveguide laser using the material as set forth in any of claims 153-166. 

170. An optical circuit substrate using the material as set forth in any of claims 153-166. 

171. A photoelectric device containing an organic conjugated polymer film deposited on a substrate by 
vapor deposition polymerization as at least one functional layer. 

172. A photoelectric device as set forth in claim 171 wherein said photoelectric device is a 'Jht emitting 
diode (LED), and the functional layer composed of an organic conjugated polymer film is selected from 
this LED light emitting layer, hole transport layer and electron transport layer. 

173. A photoelectric device as set forth in claim 171 wherein said photoelectric device is a solar celL and the 
functional layer composed of an organic conjugated polymer film is the photoconductor layer of this 

solar cell. 

174 A photoelectric device as set forth in claim 171 wherein said photoelectric device is a light receiving 
devicHnd the functional layer composed of an organic conjugated polymer film .s the l.ght rece.vmg 
layer of this light receiving device. 

175 A method for preparing a photoelectric device comprising the deposition of an organic conjugated 
polT^nim o a substrate by vapor deposition polymerization, and the incorporat.on of th.s organ.c 
conjugated polymer film as at least one functional layer. 
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176.A method as set forth in claim 175 wherein deposition of the organic conjugated polymer film is 
performed by vapor deposition polymerization of a diamine compound and a dialdehyde compound 

^^^'tJn^Tr, r '°'ir "^"^ deposition of the organic conjugated polymer film is 

performed by vapor deposition polymerization of a diacetonitrile compound and a dialdehyde com- 

178.A method as set forth in claim 175 wherein deposition of the organic conjugated polymer film is 
performed by vapor deposition polymerization of a diacetylene compound and a dithiol compound. 

^^^t^n^l T^^' ^"^ °^ '^^-'^^ molecules of organic conjugated polymer 

are onented by surface treatment of the substrate. puiy.ner 

P^°^'ded with optical wiring for exchanging signals between processing elements 
K apparatuses, electro-optical elements and electro-optical 

^^ZZ T:^^^^ ^"^^ V""^' P^*'^ '"""^ "^^^ ^" <^ of the processing 

e^ernents. and there are provided at least one each of an optical transmitter which sends optical signals 
to all or some of the processing elements and a receiver which converts the optical signals to electrical 
signals, which are coupled with the optical path loops. a <* s ro eiectncai 

'^'■fl^mTr!^' 7^"" ''"^^^ P'-^^'^^'^ ^'t^^ optica' wiring for exchanging signals between processing 
irolntSr T apparatuses, electro-optical elements and 

.hr^rrll n ^^P^^^^^^^' ^^haracterized in that optical paths form loops passing near all or some of 

ooticarSonLls tZT' '""^ ""TJ'^ """^ ^^^"^'"i"-^ ^^hich sends 

iSnltTV , f"""!"* Processing elements and a receiver which converts the optical 
signals to electrical signals, which are coupled with the optical path loop. 

'^^■J^thToop1aru°sed°'' "^^''^ ^"^^""'"^ *° °' ^ P'"^^"*^ °P«^^' 

^^■f^m^nr!"T°f °'' ^""'^'"^ *° °^ ■'SO *o 182. wherein the electronic 

Ss wo .iSnnT '^"^ '"'oroprocessors. processing elements (RE)' 

MCMs. work stations, personal computers, large scale computers and peripheral terminal units. 

^^'^Jr^r^^ °' ""''^"^^ "^"^'"^ according to any of claims 180 to 182. wherein the 

electroophc elements or electrooptic apparatuses are composites of optical devices selected from LDs 
LEDs. PDs. phototransistors. nonlinear optical devices, waveguides, holograms, gratings lenses' 
paraTuses"""™''' P'°*°^'"P""^''« ^"'^ with electronic elements or eleSorlfc 2: 

^^^'i?H?nf"' °' ""i'^^' ^""^"^ according to any of claims 180 to 182. wherein a transmitter 

elerien^ " °' ^°-^«Ponding to each processing 

186.An optical network or optical circuit board according to any of claims 180 to 182 or claim 185 which is 
provided with optical switches for switching optical signals between the loops. 

^k'"" K °' ''"^'"'^ according to claim 186, wherein the optical switches are of 

liie crossD3r-typ6. 

^^^'T. T^S, '^TZ^ °' *° '86. wherein each optical switch is driven 

" LSI 'Hcluding an interface circuit incorporated or added to each of the processing elements, or a 
driving LSI mounted on or incorporated in the board. 



56 



._0689067A2.I.> 



EP 0 689 067 A2 

ISO.An optical network or optical circuit board according to any of claims 180 to 189. wlierein an optical 
path loop is provided to correspond to each processing element, each transmitter of each processing 
element is linked thereto, optical signals from other processing elements are selected by the optical 
switch provided for each processing element in each optical path loop, and the optical signal from a 
5 desired processing element is guided to the receiver of each processing element and received. 

191. An optical network or optical circuit board according to any of claims 180 to 189. wherein an optical 
path loop is provided to correspond to each processing element, the receiver of each processing 
element is linked thereto, the signal from the transmitter is introduced by the switch to the optical path 

10 loop corresponding to the receiving-end processing element, and the optical signal is transmitted to a 
desired processing element. 

192. An optical network or optica! circuit board according to any of claims 180 to 191, wherein a filter array 
or branching filter which branches light of a specific wavelength assigned to each processing element. 

75 selectively takes it up, and guides it to the receiver array of each processing element corresponding to 
each wavelength, is provided in the optical path loop, a transmitter which outputs an optical signal of 
the assigned wavelength is provided in each processing element, and the optical signal of the 
wavelength corresponding to the desired transmitting-end processing element is selectively guided to 
the receiver where the optical signal of the desired processing element is received. 

20 

193. An optical network or optical circuit board according to any of claims 180 to 191, wherein a filter or 
branching filter which selectively takes up light of a specific wavelength assigned to each processing 
element and guides it to the receiver of each processing element is provided in the optical path loop, a 
transmitter array which outputs an optical signal of the assigned wavelength is provided in each 

25 processing element, and the optical signal of the wavelength corresponding to the desired receiving- 
end processing element is selectively introduced to the optical path loop where the optical signal is 
transmitted to the desired processing element. 

194. An optical network or optical circuit board according to any of claims 180 to 191. wherein a tunable 
30 filter or branching filter which selectively takes up light of a specific wavelength assigned to each 

processing element and guides it to the receiver of each processing element is provided in the optical 
path loop, a transmitter which outputs an optical signal of the assigned wavelength Is provided in each 
processing element, and the optical signal of the wavelength corresponding to the desired transmitting- 
end processing element is selectively guided to the receiver where the optical signal of the desired 
35 processing element is received. 

195. An optical network or optical circuit board according to any of claims 180 to 191. wherein a filter or 
branching filter which selectively takes up light of a specific wavelength assigned to each processing 
element and guides it to the receiver of each processing element is provided in the optical path loop, a 

40 wavelength-variable transmitter which outputs an optical signal of the assigned wavelength is provided 
in each processing element, and the optical signal of the wavelength corresponding to the desired 
receiving-end processing element is selectively introduced to the optical path loop where the optical 
signal is transmitted to the desired processing element. 

45 196.An optical network or optical circuit board according to any of claims 180 to 191, wherein a tunable 
filter or branching filter which selectively takes up light of a specific wavelength assigned to each 
processing element and guides it to the receiver of each processing element is provided in the optical 
path loop, a wavelength-variable transmitter which outputs an optical signal of the assigned wavelength 
is provided in each processing element, and the optical signal of the wavelength corresponding to the 

50 desired receiving-end processing element is selectively Introduced to the optical path loop where the 
optical signal is transmitted to the desired processing element. 

197. An optical network or optical circuit board according to any of claims 180 to 191, wherein a tunable 
filter or branching filter which selectively takes up light of a specific wavelength assigned to each 
55 processing element and guides it to the receiver of each processing element is provided in the optical 
path loop, a wavelength-variable transmitter which outputs at least an optical signal of the assigned 
wavelength is provided in each processing element, and the header and data of the transmitted signal 
are transmitted at different wavelengths. 
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198. An optical network or optical circuit board according to any of claims 180 to 191, wherein a tunable 
filter or branching filter which selectively takes up light of a specific wavelength assigned to each 
processing element and guides It to the receiver of each processing element Is provided in the optical 
path loop, a wavelength-variable transmitter which outputs an optical signal of the assigned wavelength 
is provided in each processing element, and the header of the transmitted signal is transmitted at the 
assigned wavelength of the receiving end while the data is transmitted at the assigned wavelength of 
the transmitting end. 

199. An optical network or optical circuit board according to claim 198, wherein the filter of each processing 
element is normally tuned to its own assigned frequency, and when the header comes it recognizes the 
transmitting end and is tuned to the corresponding wavelength, while after reception Is complete it is 
tuned to its own wavelength. 

200. An optical network or optical circuit board according to any of claims 180 to 191. wherein a tunable 
filter or branching filter which selectively takes up light of a specific wavelength assigned to each 
processing element and guides it to the receiver of each processing element is provided in the optical 
path loop, a wavelength-variable transmitter which outputs an optical signal of the assigned wavelength 
and the header-assigned wavelength is provided in each processing element, and the header of the 
transmitted signal is transmitted at a wavelength which is different from each assigned wavelength 
while the data Is transmitted at the assigned wavelength of the transmitting end, 

201. An optical network or optical circuit board according to claim 200; wherein the filter of each processing 
element is normally, tuned so as to take up at least a portion of the header-assigned wavelength, 
recognizing the transmitting end and receiving end based on the taken up header, and in cases where 
It itself is the receiving end it is tuned to the wavelength corresponding to the transmitting end. while 
after reception is complete it is tuned to the header-assigned wavelength. 

202. An optica! network or optical circuit board according to any of claims 180 to 191, wherein a tunable 
filter or branching filter which selectively takes up light of a specific wavelength assigned to each 
processing element and guides It to the receiver of each processing element is provided in the optical 
path loop, a wavelength-variable transmitter which outputs an optical signal of the assigned wavelength 
and the header-assigned wavelength is provided in each processing element, and thei header of the 
transmitted signal Is transmitted at a wavelength which is different from each assigned wavelength 
while the data is transmitted at the assigned wavelength of the receiving end which is itself. 

203. An optical network or optical circuit board according to claim 202, wherein the filter of each processing 
element is normally tuned so as to take up at least a portion of the header-assigned wavelength, 
recognizing the transmitting end and receiving end based on the taken up header, and in cases where 
it itself is the receiving end it is tuned to the wavelength corresponding thereto, while after reception is 
complete it is tuned to the header-assigned wavelength. 

204. An optical network or optical circuit board according to any of claims 180 to 191, wherein an optical 
path loop is provided to correspond to each processing element, a transmitter array which outputs a 
multiplex-wavelength optical signal is linked thereto, optical signals from other processing elements are 
selected by an optical switch provided for each processing element in each optical path loop, the 
wavelength-multiplexed optical signal comprising a plurality of wavelengths is branched via a filter or 
branching filter and is linked to the receiver array of each processing element which corresponds to 
each wavelength, and the wavelength-multiplexed optical signal is guided from the desired processing 
element to the receiver array of each element where it is received. 

205. An optical network or optical circuit board according to any of claims 180 to 191^ wherein an optical 
path loop is provided to correspond to each processing element, a transmitter array which branches a 
wavelength-multiplexed optical signal comprising a plurality of wavelengths via a filter or branching 
filter, which is linked to the receiver array of each processing element corresponding to each 
wavelength, and which outputs the multiplex wavelength optical signal is provided in each processing 
element, the optical signal from the transmitter array is merged with the optical path loop corresponding 
to the receiving-end processing element by an optical switch, and the wavelength-multiplexed optical 
signal is transmitted to the desired processing element. 
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220.An optical network or optical circuit board according to any of clainns 209 to 212, wherein the electro- 
optical switch and light naodulator open a refractive index window in the clad by voltage application, and 
operate utilizing the resulting light leakage. 

221 .An optical network or optical circuit board according to claim 213. wherein the receiving element Is 
formed by cutting across the top or bottom of the waveguide or through the waveguide, and is selected 
from a-Si. poly Si and polymer photodiodes, phototransistors and MSM detectors. 

222. An optical network or optical circuit board according to claim 213. wherein the receiving element is 
formed in a semiconductor crystal substrate. 

223. An optical network or optical circuit board according to claim 210. wherein the optical power source is a 
polymer or glass. 

224. An optical network or optical circuit board according to any of claims 208 to 212. wherein the light 
source is an organic luminescent element comprising a low molecular crystal and/or polymer. 

225. An optical network or optical circuit board according to claim 224. wherein the luminescent element is 
formed by cutting across the top of the waveguide, the bottom of the waveguide, and/or through the 
waveguide. 

226. An optical network or optical circuit board according to claim 224, wherein the luminescent element is 
formed at the top and/or bottom of the waveguide leaving a space. 

227. An optical network or optical circuit board according to any of claims 208 to 212, wherein the 
luminescent element is formed in a semiconductor crystal substrate. 

228. An optical network or optical circuit board according to any of claims 215 to 219, 223 or 224, wherein 
the polymer is formed by the vapor phase growth method. 

229. An optical network or optical circuit board according to any of claims 180 to 182, wherein the 
processing element, optical path and optical transmitter and receiver are situated on the optical circuit 
board. 

230. An optical network or optical circuit board according to any of claims 180 to 182. wherein the 
processing element and optical transmitter and receiver are situated off the optical circuit board. 

231. An optical network or optical circuit board according to claim 230, wherein the processing element, 
optical transmitter and receiver, and optical circuit board are connected by optical fibers or waveguides. 

232. An optical network or optical circuit board according to claim 231. wherein signal exchange between the 
processing element, optical transmitter and receiver and the optical circuit board is made with direct 
light. 

233. An optical network or optical circuit board according to claim 230 or 231. wherein signal exchange 
between the processing element, optical transmitter and receiver and the optical circuit board is made 
via an intervening photoelectric conversion element. 

234. An optical network or optical circuit board according to any of claims 180 to 182 or 229 to 233. wherein 
the signal light and control light are of different wavelengths. 

235. A self-routing optical switch, characterized by superimposing switch control light and signal light, and 
switching the signal light by the control light. 

236. A self-routing optical switch according to claim 235, wherein the refractive index of the nonlinear optical 
waveguide is varied by the control light to switch the signal light. 
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237.A self-routing optical switch according to claim 235, wherein all or a portion of the control light is 
detected with a photoelectric conversion element, and the refractive index of the nonlinear optical 
waveguide is varied by the electrical signal therefrom. 

5 238.A self-routing optical switch according to any of claims 235 to 237, wherein the optical switch is 
situated in multiple levels. 

239. An optical memory characterized by switching signals to a memory loop end and returning them to the 
main line, in cases of collision of signals. 

10 

240. An optical memory according to claim 239, wherein the memory loop is an optical waveguide or optical 
fiber. 

241. An optical memory according to claim 239, wherein an optical amplifier is Inserted in part or the 
15 entirety of the memory loop. 
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materials by light irradiation and coupling methods betwe.en devices 

2. Claims 153-170: 

Non-linear optical materials comprising a multilayer film v/ith eliminated 
centro-symmetry in thickness direction by laminating diff erent substances and 
changing their properties (thickness, doping, amount of doping, composition) 

3. Claims 171-179: 

Photoelectric device containing an organic conjugated polymer film and its method 
of manufacturing 

4. Claims 180-234: 

An optical network with optical wiring for exchange of signate between 
processing elements 

5. Claims 235-238: 

A self-routing optical switch 



Claims 239-241 : 

An optical memory by switching signals from a memory loop and feeding 
them back to the main line in case of collision 
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